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A superpipelined pipeline is one capable is issuing simple instructions frequently 
enough that the result of a simple instruction must be independent of the 
immediately following one or more instructions. The diagram below shows a two- 
cycle superpipelined implementation: 
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In the diagrams below, pipeline stages are labelled with the type of instruction 
which may be performed by that stage. The posititon of the stage further identifies 
the function of that stage, as for example a load operation may require several L 
stages to complete the instruction. 

Suoe.rsirino Pipeline 

Euterpe architecture provides for implementations designed to fetch and execute 
several instructions in each clock cycle. For a particular ordering or instruction 
types, one instruction of each type may be issued in a single clock cycle. The 
ordering required is A, L, E, S, B; in other words, a register-to-register address 
calculation, a memory load, a register-to-register data calculation, a memory store, 
and a branch. Because of the organization of the pipeline, each of these 
instructions may be serially dependent. Instructions of type E include the fixed- 
point execute-phase instructions as well as floating-point and digital signal 
processing instructions. We call this form of pipeline organization "superstring/ M 
because of the ability to issue a string of dependent instructions in a single clock 
cycle, as distinguished from superscalar or superpipelined organizations, which 
can only issue sets of independent instructions. 



4 Readers with a background in theoretical physics may have seen this term in an other, 
unrelated, context. 
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These instructions take from one to four cycles of latency to execute, and a branch 
prediction mechanism is used to keep the pipeline filled. The diagram below 
shows a box for the interval between issue of each instruction and the completion. 
Bold letters mark the critical latency paths of the instructions, that is, the periods 
between the required availability of the source registers and the earliest 
availabihty of the result registers. The A-L critical latency path is a special case, in 
which the result of the A instruction may be used as the base register of the L 
instruction without penalty. E instructions may require additional cycles of latency 
for certain operations, such as fixed-point multiply and divide, floating-point and 
digital signal processing operations. 
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Superstring pipeline 



Suoersohno Pipeline 

Euterpe architecture provides an additional refinement to the organization 
defined above, in which the time permitted by the pipeline to service load 
operations may be flexibly extended. Thus, the front of the pipeline, in which A, L 
and B type instructions are handled, is decoupled from the back of the pipeline,* in 
which E, and S type instructions are handled. This decoupling occurs at the point 
at which the data cache and its backing memory are referenced; similarly, a FIFO 
that is filled by the instruction fetch unit decouples instruction cache references 
from the front of the pipeline shown above. The depth of the FIFO structures is 
implementation-dependent, i.e. not fixed by the architecture. 
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The diagram^ below indicates why we call this pipeline organization feature 
''superspring," an extension of our superstring organization. 
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Superspring pipeline 



With the super-spring organization, rhe latency of load instructions can be 
extended, so execute instructions are deferred until the results of the load are 
available Nevertheless, the execution unit still processes instructions in normal 
order, and provides precise exceptions. 




Superspring pipeline 



Suoerthread Pipeline 

A difficulty of superpipelining is that dependent operations must be separated bv 
the latency of the pipeline, and for highly pipelined machines, the latency of 
simple operations can be quite significant. The Eutepe "superthread" pipeline 
provides for very highly pipelined implementations by alternating execution of two 
or more independent threads. In this context, a thread is the state required to 
maintain an independent execution; rhe architectural state required is that of the 
register file contents, program counter, privilege level, local TLB, and when 
required, exception status. The latter state, exception status, may be minimized 
by ensuring that only one thread may handle an exception at one time. In order to 
ensure that all threads make reasonable forward progress, several of the machine 
resources must be scheduled fairly. 
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An example of a resource that is critical chat it be fairly shared is the data 
memory/cache subsystem. In MicroUnity's first Euterpe implementation, Euterpe 
is able to perform a load operation only on every second cycle, and a store 
operation only on every fourth cycle. Euterpe schedules these fixed timing 
resources fairly by using a round-robin schedule of a number of threads which is 
relatively prime to the resource reuse rates. For Euterpe's first implementation, 
five simulateous threads of execution ensure that resources which may be used 
every two or four cycles are fairly shared by allowing the instructions which, use 
those resources to be issued only on every second or fourth issue sloe for that 
thread. 



In the diagram below, the thread number which issues an instruction is indicated 
on each clock cycle, and below it, a list of which functional units may be used by 
that instruction. The diagram repeats every 20 cycles, so cycle 20 is similar to cycle 
0, cycle 21 is similar to cycle 1, etc. This schedule ensures that no resource conflict 
occur between threads for these resources. Thread 0 may issue an E,L,S or B on 
cycle 0, but on its next opportunity, cycle 5. may only issue E or B, and on cycle 10 
may issue E, L or B, and on cycle 15, may issue E or B. 
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Superthread pipeline 



When seen from the perspective of an individual thread, the resource use 
diagram looks similar to that of the collection. Thus an individual thread may use 
the load unit every two instructions, and the store unit every four instructions. 
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Superthread pipeline 



A Euterpe Superthread pipeline, with 5 simulatenous threads of execution, 
permits simple operations, such as register-to-register add (E.ADD), to take 5 
cycles to complete, allowing for an extremely deeply pipelined implementation. 



Branch/fQtCh Prediction 

Euterpe does not have delayed branch instructions, and so relies upon branch or 
fetch prediction to keep the pipeline full around unconditional and conditional 
branch instructions. In the simplest form of branch prediction, as in Euterpe's 
first implementation, a taken conditional backward (toward a lower address) 
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branch predicts that a future execution of the same branch will be taken More 
elaborate prediction may cache the source and target addresses of multiple 
branches, both conditional and unconditional and both forward and reverse. 

The hardware prediction mechanism is tuned for optimizing conditional branches 
that close loops or express frequent alternatives, and will generally require 
substantially more cycles when executing conditional branches whose outcome is 
not predominately taken or not-taken. For such cases of unpredicrable conditional 
results, the use of code which avoids conditional branches in favor of the use of set 
on compare and multiplex instructions may result in greater performance. 

Where the above technique may not be applicable, a Euterpe pipeline mav ensure 
that conditional branches which have a small positive offset be handled as if the 
branch is always predicted to be not taken, with the recovery of a misprediction 
causing cancellation of the instructions which have alreadv been issued but not 
completed which would be skipped over by the taken conditional branch This 
condmonal-skip optimization is performed by the Euterpe implementation and 
requires no specific architectural feature to access or implement. 

A Euterpe pipeline may also perform "branch-return" optimization, in which a 
branch-and-hnk instruction saves a branch target address which is used to predict 
the target of the next branch-register instruction. This optimization may be 
implemented with a depth of one (only one return address kept), or as a stack of 
finite depth, where a branch and link pushes onto the stack, and a branch-register 
pops from the stack. This optimization can eliminate the misprediction cost of 
simple procedure calls, as the calling branch is susceptible to hardware 
prediction, and the returning branch is predictable by the branch-return 
optimization. Like the conditional-skip optimization described above, this feature is 
performed by the Euterpe implementation and requires no specific architectural 
feature to access or implement. 

Addition al Load and Execute Resource*; 

Studies of the dynamic distribution of Euterpe instructions on various benchmark 
suites indicate that the most frequently-issued instruction classes are load 
instructions and execute instructions. In a high-performance Euterpe 
implementation, it is advantageous to consider execution pipelines in which the 
ability to target the machine resources toward issuing load and execute 
instructions is increased. 

One of the means to increase the ability to issue execute-class instructions is to 
provide the means to issue two execute instructions in a single-issue string. The 
execution unit actually requires several distinct resources, so by partitioning these 
resources, the issue capability can be increased without increasing the number of 
functional units, other than the increased register file read and write ports. The 
partitioning favored for the initial implementation places all instructions that 
involve shifting and shuffling in one execution unit, and all instructions that 
involve multiplication, including fixed-point and floating-point multiply and add in 
another unit. Resources used for implementing add, subtract, and bitwise logical 
operations may be duplicated, being modest in size compared to the shift and 
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multiply units, or shared between the two units, as the operations have low- 
enough latency that two operations might be pipelined within a single issue cycle. 
These instructions must generally be independent, except perhaps that two 
simple add, subtract, or bitwise logical may be performed dependently, if the 
resources for executing simple instructions are shared between the execution 
units. 

One of the means to increase the ability to issue load-class instructions is to 
provide the means to issue two load instructions in a single-issue string. This 
would generally increase the resources required of the data fetch unit and the 
data cache, but a compensating solution is to steal the resources for the store 
instruction to execute the second load instruction. Thus, a single-issue string can 
then contain either two load instructions, or one load instruction and one store 
instruction, which uses the same register read ports and address computation 
resources as the basic 5-instruction string. This capability also may be empioved to 
provide support for unaligned load and store instructions, where a single-issue 
string may contain as an alternative a single unaligned load or store instruction 
which uses the resources of the two load-class units in concert to accomplish the 
unaligned memory operation. 

Result Forwarding 

When temporally adjacent instructions are executed by seperate resources, the 
results of the first instruction must generally be forwarded directly to the resource 
used to execute the second instruction, where the result replaces a value which 
may have been fetched from a register file. Such forwarding paths use significant 
resources. A Terpsichore implementation must generally provide forwarding 
resources so that dependencies from earlier instructions within a string are 
immediately forwarded to later instructions, except between a first and second 
execution instruction as described above. In addition, when forwarding results 
from the execution units back to the data fetch unit, additional delay may be 
incurred. 
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Instruction Set 

All instructions are 32 bits in size, and use the high order 8 bits to specify a major 
operation code. 
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The major field is filled with a value specified by the following table: 5 
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major operation code field values 

For the major operation field values A.MINOR, L.MINOR, E.MINOR, F 16 F 32 
E64, F.128, GF.16, GF.32, GF.64, G.l, G.2, G.4, G.8, G.16, G.32, G.64, S.MINOR 
and B.MINOR, the lowest-order six bits in the instruction specify a minor 
operation code: 
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5 Blank table entries cause the Reserved Instruction exception to occur. 
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The minor field is filled with a value from one of the following tables: 
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minor operation code field values for E.MINOR 
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minor operation code field values for GF.size 
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minor operation code field values for G.size 
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minor operation code field values for L.MIN 


OR 
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minor operation code field values for S.MINOR — 
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minor operation code field values for B. MINOR 



For the major operation field values F.16, F.32, F.64, F.128. with minor operation 
field values F UNARY N, F.UNARY.T, F.UNARY.F, F. UNARY. C, F.UNARY, 
and r-.UNARY.X, and for major operation field values GF.16, GF.32 GF64 with 
minor operation field values GF.UNARY.N, GF.UNARY T GF UNARY F 
GF.UNARY.C GF.UNARY, and GF.UNARY.X, another six bits in the 
instruction specify a unary operation code: 
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The unary field is filled with a value from one of the following tables: 
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unary operation code field values for GF.UNARY. size.r 
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The general forms of the instructions coded by a major operation code are one of 
the following: 

3J ? 4 g3 0 
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The general forms of the instructions coded by major and minor operation codes 
are one of the following: 

31 24 23 18 17 12 1 1 65 0 
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8 6 6 6 6 

31 24 23 16 17 12 11 6 5 0 
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8 6 6 6 6 

The general form of the instructions coded by major, minor, and unarv operation 
codes is the following: 

31 24 23 18 17 12 11 6 5 0 

\ major | ra | rb | unary | minor | 



Definition 

def Thread as 
forever do 

inst <- LoadMemory(ProgramCounter.32.L) 
ProgramCounter «- ProgramCoun:er ■*. 4 
Instruction(inst) 
endforever 
enddef 



del Instruction(inst) as 
major inst3i..24 
ra «- inst23..i8 
simm rb *- insti7. .12 
rc «- instn..6 
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minor <- rd <— insts q 
case major of 
E.RES: 

EiernallyReserved 
E. MINOR: 

case minor of 

E.ADD. E.ADD.O. E.ADD.UO. E.AND. E.ANDN E NAND E NOR 
E.OR. E.ORN. E.SUB. E.SUB.O. E.SUB.UO. E.XNOR, EXOR ' 
■ E.SHL E.SHLO. E.SHLUO. E.SHR. E.USHR, E.ROTL. E ROTR 
E.MUL E.UMUL E.DIV. E.UDIV. E LMS. E.ULMS EASUM ' 
I E - SET - NE - E.SET.L E.SET.GE. E.SET.UL. E.SET.UGE. 

E.SUB.E. E.SUB.NE. E.SUB.L E.SUB.GE. E.SUB.UL E.SUB UGE 
Execute(minor, ra.ro. rc) 

E. SHL.f. E.SHL.I.O. E.SHL.I.UO. E.SHR. I. E.USHR.I, E.ROTR.I: 

ExecuteShortlmmediat9(minor.ra.simm rc) 
others: 

raise Reservedlnstruction 

endcase 

E.ADD.I. E.ADD.I.SO, E.AND.I. E.OR.I. E.NAND.I. E.NOR I E XOR I 
E SET.I.E. E.SET.I.NE. E.SET.I.L ES.ET.I.GE. E.SET.t.UL. E SET I UGE 
E.SUB.I.E. E.SUB.I.NE. E.SUB.I.L. E.SUB.I.GE. E.SUB.I.UL E.SUB I UGE 

Execute lmmediate( major. ra.ri.insti 1 o) 
EMUX: 

ExecuteTernary(maior.ra.rb rc rd) 

E. COPY.I 

ExecuteCopylmmediate(major.ra.instt7 o) 
FMULADD15. FMULADD32. FMULADD64 FMULADD128 
FMULSUB16. FMULSUB32. FMULSUB64. FMULSUB128: 

FloatingPointTernary(major.ra.rb,rc rd) 

F. 16. F.32. F.64. F.128: 

case minor of 

F. ADD.N, F.SUB.N. F.MULN. F DIV N 
F.ADD.T. F.SUB.T. F.MUL.T. F.DIV T ' 
F.ADD.F, F.SUB.F. F.MUL.F. F DIV F 
F.ADD.C. F.SUB.C. F.MULC. F DIV C 
F.ADD. F.SUB. F.MUL F.DIV 
F.ADD.X, F.SUB.X, F.MULX. F.DIV X 
F.SET.E. F.SET.NE. F.SET.UE, F.SET.NUE 
F.SET.NUGE. F.SET.UGE. F.SET.UL F.SET.NUL 
F.SET.E.X. F.SET.NE.X. F.SET.UE.X. F.SET.NUE X 
F.SET.LX. F.SET.NL.X, F.SET.NGE.X. F.SET.GE.X: 

FioatmgPoint{minor.op. major.size. minor .round, ra. rb rc) 
F.UNARY.N. F.UNARYT. F.UNARY.F, F.UNARYC 
F. UNARY. F.UNARY.X: 
case unary of 

F.ABS. F.NEG. F.SQR. 

F.HALF. F. SINGLE, F.DOUBLE. F.QUAD 

F.INT. F. FLOAT: 

FloatingPointUnary(unary.op. major.size. minor.round. 
ra. rc) 

others: 

raise Reservedlnstruction 

endcase 
others: 

raise Reservedlnstruction 

endcase 

GMULADD1, GMULADD2. GMULADD4 
GMULADDE. GMULADD16. GMULADD32. 



88 



Case 2:05-cv-00505-TJW Document 149 Filed 10/15/2007 Page 12 of 40 

WO 97/07450 PCIYUS96/13047 



GUMULADD2. GUMULADD4. 

GUMULADD8. GUMULADD16. GUMULADD32 

GMUX. GMUXGATHER, GSCATTERMUX. G. EXTRACT. 128: 

GroupTernary(major.size.ra.rb.fc.rd) 
G. EXTRACT. I. G. EXTRACT. 1. 64: 

GroupExtractlmmediate( major. ra.rb.rc. minor) 
G.1. G.2. G.4. G.8. G.16. G.32: 
case minor of 

G.SHL G.SHR. G.USHR. G.ADD. G.SUB. G.MUL G UMUL 
G.AND. G.OR, G.XOR. G.AMDN, G.NAND. G.NOR G XNOR G ORN 
G.SET.E. G.SET.NE. G.SET.L G.SET.GE. G.SET.UL, G.SET.UGE 
G.COPY. G.SWAP. G.DEAL. G. SHUFFLE. G.COMPRESS. G. EXPAND 
G .GATHER, G.SCATTER: 

Group(minor.major.ra.rb.rc) 
G.COMPRESS. I. G.EXPAND.l. G.SHLI. G.SHR.I. G.U.SHR.I: 

GroupShortlmmediate(minor. major, ra.simm rc) 
G. EXTRACT.!: 

GroupExtractlmmediate(major.ra.rb.rc.minor) 
others: 

raise Reservedlnstructicn 

endcase 

GFMULADD16. GFMULADD32. GFMULADD64 
GFMULSUB16. GFMULSUB32. GFMULSUB64: 

GroupFloatingPointTernary(majcr.ra.rb.rc.rd) 
GF.16. GF.32. GF.64, GF.128- 
case minor of 

GF.ADD.N. GF.SUB.N. GF.MULN. GF DIV N 
GF.ADDT. GF.SUB.T, GF.MUL.T. GF.DIVT 
GF.ADD.F. GF.SUB.F. GF.MUL.F. GF DIV F 
GF.ADD.C. GF.SUB.C. GF.MUL C. GF DIV C 
GF.ADD. GF.SUB, GF.MUL GF.DIV. 
GF.ADD.X, GF.SUB.X. GF.MULX GF.DIV.X 
GF.SET.E, GF.SET.NE. GF.SET.UE. GF SET NUE 
GF.SET.NUGE. GF.SET.UGE. GF.SET.UL, GF.SET.NUL 
GF.SET.E.X. GF.SET.NE.X. GF.SET.UE.X GF.SET NUE X 
GF.SET.LX, GF.SET.NLX. GF.SET.NGE.X. GF.SET.GE.X: 

GroupFloat»ngPoint(minor.op. major.size. mrnor.round. ra. rb. rc) 
GF.UNARY.N, GF.UNARY.T. GF.UNARY.F, GF. UNARY C 
GF.UNARY, GF.UNARY.X: 
case unary of 

GF.ABS. GF.NEG. GF.SQR. 

GF.HALF. GF.SINGLE. GF. DOUBLE, GF.QUAD. 

GF.INT. GF.FLOAT: 

GroupFloatingPointUnary(unary.op. major.size. 
minor. round, ra, rc) 

others: 

raise Reservedfnstruction 

endcase 
others: 

raise Reservedlnstruction 

endcase 
L. MINOR 

case minor of 

L16L. LU16L, L32L. LU32L L64L. L128L. L8, LU8, 
L16LA LU16LA. L32LA. LU32LA. L64U\. L128LA. 
L16B. LU16B. L32B. LU32B. L64B, L128B. 
L16BA, LU16BA, L32BA, LU32BA. L64BA. L128BA: 
Load(minor. ra.rb.rc) 
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others: 

raise Reservedlnstruction 

endcase 

L16LI. LU16LI. L32LL LU32LI. L64LI. L128LI L8I LU8I 
L16LAI. LU16LAI. L32LAI. LU32LAI. L64LAI L128LAI 
L16BI. LU16BI. L32BI. LU32BI. L64BI L128BI 
L16BAI. LU16BAI. L32BAI, LU32BAI. L64BAI, L128BAI: 

Loadlmmediate(major.ra.rb.insti i q) 
S. MINOR 

case minor of 

S16L S32L S64L. S123L S8 

S16LA, S32LA. S64LA. S128LA, 

SAAS64LA, SCAS54LA. SMAS64LA SM64LA 

S16B. S32B. S64B. S128B, 

S16BA. S32BA, S64BA. S128BA. 

SAAS64BA, SCAS64BA. SMAS64BA, SM64BA: 

Store(minor.ra.rb.rc) 
others: 

raise Reservedlnstruction 

endcase 
S16LI. S32LI. S64LI. S128LI. S3I. 
S16LAI. S32LAI, S64LAL S128LAI. 
SAAS64LAI. SCAS64LAI. SMAS 54 LA I SM64LAI 
S16BI. S32BI. S64BI. S128BI 
S16BAI. S32BAI. S64BAI. S128BAI 
SAAS64BAI. SCAS64BAI. SMAS64BAI, SM64BAI: 

StorelmmediateCmajor.ra.rb.instT 1 q) 
B. MINOR: 

case minor of 
B. B.DOWN: 

Branch(minor.ra) 
B.LINK: 

BranchAndLlnk(minor.ra.rb) 
B.GATE: 

BranchGateway(minor,ra.rb.rc) 
others: 

raise Reservedlnsrruction 

endcase 
BLINKI. Bl: 

Branchlmmediate(major.inst23. o) 
BFE16, BFNUE16. BFNUGE16. BFNUL16 
BFE32. BFNUE32, BFNUGE32, BFNUL32 
BFE64, BFNUE64. BFNUGE64, BFNUL64, 
BFE128. BFNUE128, BFNUGE128. BFNUL128 
BE. BNE, BL BGE. BUL BUGE, BANDE. BANDNE: 

BranchConditional(major,insti 1 q) 
BGATEI: 

BranchGatewaylmmediate(ra.rb.instii..o) 
others: 

raise Reservedlnstruction 

endcase 
enddef 
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Eternally deserved 

This operation generates a reserved instruction exception. 

Operation cod& 

|E.RES , I Eternally reserved 1 

Format 
E.RES imm 

31 24 23 0 

I E.RES | j mm \ 

8 24 1 

Description 

The reserved instruction exception is raised. Software may depend upon this 
major operation code raising the reserved instruction exception in all Terpsichore 
processors. The choice of operation code intentionally ensures that a branch to a 
zeroed memory area will raise an exception. 

Definition 

def EternallyReserved as 

raise Reservedlnstruction 
enddef 

Exceptions 
Reserved Instruction 
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Branch 

This operation branches to a location specified by a register, optionally reducing 
the current privilege level. 5 



Ooersticr. end** 




B 




B.DOWN 


Branch down in privileae 1 


Format 








op ra 








31 2-1 


23 


18 17 12 11 6 5 


0 


I B. MINOR 


1 


| O I 0 | 


op J 


8 




6 6 6 


6 


Descriotion 









Execution branches to the address specified by the contents of register ra If 
specified, the current privilege level is reduced to the level specified by the iow 
order two bus of the contents of register ra. 

Access disallowed exception occurs if the contents of register ra is not aligned on a 
quadlet boundary unless the operation specifies the use of the low-order two bits 
or the contents or register ra as a privilege level. 

Definition 

def Branch(op.ra) as 

a <- RegRead(ra. 64) 
if op a B.DOWN then 

if PrivilegeLevel > a^.o then 
PrivilegeLevel ai..o 

endif 

else 

if (a and 3) * 0 then 

raise AccessDisallowedByVirtualAddress 

endif 

endif 

ProgramCounter <- a63,.2 ,l CT 2 
enddef 

Exceptions 

Access disallowed by virtual address 
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Branch and Link 

This operation branches to a location specified by a register, saving the value of 
the program counter into a register. 

Ooeraticn codes 

IB.LINK (Branch and link | 

Format 

op rb.ra 

31 24 23 18 17 12 11 65 0 

1 B. MINOR I ra j rb | Q | op ~ 1 

8 6 6 6 6 

Description 

The address of the instruction following this one is placed into register rb. 
Execution branches to the address specified by the contents of register ra. 

Access disallowed exception occurs if the contents of register ra is not aligned on a 
quadlet boundary. 

Definition 

def BranchAndLink(op.ra.rb) as 
a «- RegRead(ra. 64) 
if (a and 3) * 0 then 

raise AccessDisaliowedByVirtualAddress 

endif 

RegWrite(rb. 64. ProgramCounter + 4) 
ProgramCounter <- ae3..2 M 0 2 
enddef 

Exceptions 

Access disallowed by virtual address 
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Branch Conditionally 

These operations compare two operands, and depending on the result of that 
comparison, conditionally branches to a nearby code location. 



Operation codes 



B.AND.E 


Rranrh anri -nual tn 70m 


B AND NE 


Qi anoi t diiu ft JL equal 10 ZcTO 


B F6 


wiaiiun cLjuci 


B F F 16 

W.I .L. IU 


Dfaiiuii iiuduny-poini 6QU3I n3IT 


R F F 1? 


Drdncn nuaiing-point equal SiriQle 


R F F fi4 

W.I . W.t>*T 


Drancn Tioaiing-point equal oouuie 


R P P 1 9ft 


Drancn rioating-point equal quad 


R C Ml IF 1fi 

D.r.lNUC ID 


Branch floating-point not unordered or equal half 


R P Ml IP ^9 


Branch floating-point not unordered or equal single 


R P Ml IP £A 


Branch floating-point not unordered or equal double 


□ p Ml ip 1 op 

D.r.iNUC. i c.o 


Branch floating-point not unordered or equal Quad 


R P mi ifiP 1« 


Branch rioatrg-point not unordered greater or eauai naif 


R p Ml Jf^ ^9 


Branch floating-point not unordered greater or equal s*»naie 


R P Ml IRP fiil 


Branch floating-point not unordered greater or eaual coucie 


B.F.NUGE.128 


Branch floatmc-comt not unordered oreater or °nn?i ni^ H 


B.F.NUL.16 


Branch floating-point not unordered or less half j 


B.F.NUL32 


Branch floating-point not unordered or less smaie 


B.F NUL.64 


Branch floating-point not unordered or less dcuc-ie 1 


B.F.NUL.128 


Branch floating-point not unordered or less auaa 


B.G.Z 7 


Branch signed areater than zero 


B.GE 


Branch signed greater or equal 


B.GE.Z* 


Branch signed greater or equal to zero 


B.L 


Branch signed less 


B.L.Z9 


Branch signed less than zero 


B.LE.Zio 


Branch signed less or equal to zero 


B.NE" 


Branch not equal | 


B.U.GE 


Branch unsigned greater or equal 


B.U.L 


Branch unsigned less 



6 B.E suffices for both signed and unsigned comparison for equality. 
'B.G.Z is encoded as B.U.L with both instruction fields ra and rb equal. 
8 B.GE.Z is encoded as B.GE with both instruction fields ra and rb equal. 
9 B.L.Z is encoded as B.L with both instruciion fields ra and rb equal. 
I0 B.LE.Z is encoded as B.U.GE with both instructionf fields ra and rb equal. 
Il B.NE suffices for both signed and unsigned comparison for inequality. 
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number format 


type 


comBare 


size 


signed integer 




E NE L GE 




unsigned integer 


U 


E 1 ^ NE" L GE 




bitwise and 


AND 


E NE 




signed integer vs. zero 


Z 


L GE G LE 




floating-point 


F 


E NUb NUGE NUL 


16 
32 
64 
128 



Format 



op rb.ra, target 

31 24 23 18 <7 12 11 0 

I °P | ra j rb | offset \ 

8 6 6~" 12 

Qescription 

The contents of registers or register pairs specified by ra and rb are compared, as 
specified by the op field. If the result of the comparison is true, execution 
branches to the address specified by the offset field. Otherwise, execution 
continues at the next sequential instruction. 

A reserved instruction exception occurs when the size specified by the op field is 
128 if rao or rbo is set. 

Definition 

def BranchConditional(op,ra.rb. offset) as 
case op of 

BFE16. BFNUE16. BFNUGE16. BFNUL16. 
BFE32. BFNUE32. BFNUGE32.. BFNUL32. 
BFE64. BFNUE64, BFNUGE64, BFNUL64, 
BFE128. BFNUE128. BFNUGE128 BFNUL128: 

type *- F 
BE. BNE: 

type <- NONE 
BL. BGE: 

type <- (ra = rb) ? Z : NONE 
BUL. BUGE: 

type <r- (ra = rb) ? Z : U 
BANDE. BANDNE: 

type «- AND 

endcase 
case op of 
B.U.L: 

compare <- (ra = rb) ? G : L 
BUGE: 



12 B.U.E implemented as B.E. 
l3 B.U.NE implemented as B.NE. 
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compare <- (ra = rb) ? LE : GE 
B.GE: 

compare <- GE 

B.L: 

compare <- L 
B.AND.NE. B.NE: 

compare *- NE 
B.AND.E. B.E. B.F.E.16. B.F.E.32. B.F.E.64. B. F.E. 128: 

compare «- E 
B.F.NUE.16. B.F.NUE.32. B.F.NUE.64. B.F.NUE.128: 

compare +- NUE 
B.F.NUGE.16. B.F.NUQE.32. B.F.NUGE.64, B.F.NUGE.128: 

compare <- NUGE 
B.F.NUL.16. B.F.NUL32. B.F.NUL64, B.F.NUL128: 

compare <- NUL 

endcase 
case op of 

BFE16. BFNUE16. BFNUGE16. BFNUL16: 
size <- 16 

BFE32. BFNUE32. BFNUGE32. BFNUL32: 
size *- 32 

BFE64, BFNUE64. BFNUGE64, BFNUL64: 
size «- 64 

BFE128. BFNUE128, BFNUGE128. BFNUL128: 
size <- 128 

BE. BNE. BL. BGE, BUL, BUGE:. BANDE. BANDNE: 
size <— undefined 

endcase 
case type of 
NONE: 

a <- RegRead(ra. 64) 

b <- RegRead(rb. 64) 

l«-b 

r «- a 

U: 

a <- RegRead(ra. 64) 
b 4- RegRead(rb. 64) 
I 0 II b 
r «- 0 II a 

AND: 

a <- RegRead(ra, 64) 
b <- RegRead(rb. 64) 
l <- a and b 
r«- 0 

Z: 

a <- RegRead(ra, 64) 

l«-a 

r<-0 

F: 

a *- RegRead(ra. (size<64) ? 64 : size) 
b <- RegRead(rb. (size<64) ? 64 : size) 
I <- F(size,b) 
rf~ F(size.a) 

endcase 

if (type*F) and (isNaN(r) or isNaN(l)) then 
c <- false 

else 

case compare of 
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E: 

c «- I = r 

NE. NUE: 

c «- I * r 
L. NUGE: 

c «— I < r 
NUL. GE: 

C <— I > r 

G:- 

c <- I > r 

LE: 

c«- l<r 

endcase 

endif 
if c then 

PC <- PC + (offset! -J 50 II offset li 0 2 ) 

endif 
enddef 

Exceptions 
Reserved Instruction 
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Branch Gateway Immediate 

This operation. provides a secure means to call a procedure, including those at a 
higher privilege level. 

Operation codes 

\ B.GATE.I | Branch gateway immediate | 

Format 

B.GATE.I rajmm 

31 24 23 18 17 12 11 o 

I B.GATE.I I ra | 0 | imm | 

8 6 15 

Description 

A virtual address is computed from the sum of the contents of register ra and the 
sign-extended value of the 12-bit immediate field. The contents of 16 bytes of 
memory using the little-endian byte order is fetched. A branch and link occurs to 
the low-order octlet of the memory data, and the successor to the current program 
counter, catenated with the current execution privilege is placed in register 0. The 
privilege level is sec to the contents of the low-order two bits of the memory data. 
Register 1 is loaded with the high-order ocdet of the memory data. 

An access disallowed exception occurs if the new privilege level is greater than the 
privilege level required to write the memory data, or if the old privilege level is 
lower than the privilege required to access the memory data as a gateway. 

An access disallowed exception occurs if the target virtual address is a higher 
privilege than the current level and gateway access is not set for the gateway- 
virtual address, or if the access is not aligned on a 16-byte boundary. 

A reserved instruction exception occurs if the rb field is non-zero. 

Definition 

def BranchGatewaylmmediate(ra.rbjmm) as 
a <- RegRead(ra, 64) 

VirtAddr *- a + (jrnm^f N imm) 
if VirtAdd^ q * 0 then 

raise AccessDisallowedByVirtualAddress 

endif 

if rb * 0 then 

raise Reservedtnstruction 

endif 

be- LoadMemory(VirtAddr.128.L) 

bx <- bi27..64 H ProgramCounter63..2+1 II PrivilegeLevel 

ProgramCounter <- b63..2 II 0 2 
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PrivilegeLevel <- bi..o 
RegWrite(rb. 128. bx) 
enddef 

Exceptions 

Reserved Instruction 

Access disallowed by virtual address 

Access disallowed by tag 

Access disallowed by global TLB 

Access disallowed by local TLB 

Access detail required by tag 

Access detail required by local TLB 

Access detail required by global TLB 

Cache coherence intervention required by tag 

Cache coherence intervention required by local TLB 

Cache coherence intervention required by global TLB 

Local TLB miss 

Global TLB miss 
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Branch Gateway 

This operation provides a secure means to call a procedure, including those at a 
higher privilege level. 

Operation codes 

1 B.GATE 1 Branch gateway | 



Format 

B.GATE ra.rb 

31 24 23 18 1 7 12 11 

| B.GATE I ra | 



8 6 6 12 

Description 

A virtual address is computed from the sum of the contents of register ra and 
register rb. The contents of 16 bytes of memory using the little-endian byte order 
is fetched. A branch and link occurs to the low-order ocriet of the memory data, 
and the successor to the current program counter, catenated with the current 
execution privilege is placed in register 0. The privilege level is set to the contents 
of the low-order two bits of the memory data. Register 1 is loaded with the high- 
order octlet of the memory data. 



An access disallowed exception occurs if the new privilege level is greater than the 
privilege level required to write the memory data, or if the old privilege level is 
lower than the privilege required to access the memory data as a gateway. 

An access disallowed exception occurs if the target virtual address is a higher 
privilege than the current level and gateway access is not set for the gateway 
virtual address, or if the access is not aligned on a 16-byte boundary. 

A reserved instruction exception occurs if the rb field is non-zero. 



Definition 

def BranchGateway(ra.rb.rc) as 
a «- RegRead(ra, 64) 
b <- RegRead(rb, 64) 
VirtAddr *- a +b 
if VirtAdd^ o * 0 then 

raise AccessDisallowedByVirtualAddress 

endif 

if rc * 0 then 

raise Reservedlnstruction 

endif 

c *- LoadMemory(VirtAddr.128.L) 

cx <-ci27..64 N ProgramCounter$3 2+1 H PrivilegeLevel 

ProgramCounter <- C53..2 H 0 2 
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PrivilegeLevel <- ci..o 
RegWrite(rc. 128, cx) 
enddef 

Exceptions 

Reserved Instruction 

Access disallowed by virtual address 

Access disallowed by tag 

Access disallowed by global TLB 

Access disallowed by local TLB 

Access detail required by tag 

Access detail required by local TLB 

Access detail required by global TLB 

Cache coherence intervention required by tag 

Cache coherence intervention required by local TLB 

Cache coherence intervention required by global TLB 

Local TLB miss 

Global TLB miss 
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Branch Immediate 

This operation branches to a location that is specified as an offset from the 
program counter, optionally saving the value of the program counter into register 

0. 



Operation codes 



B.I 


Branch immediate 


B.LINK.I 


Branch immediate and link 



Format 

op target 

31 24 23 m 0 

I op 1 offset 

8 24 



Description 

If requested, the address of the instruction following this one is placed into 
register 0. Execution branches to the address specified by the offset field. 

Definition 

def Branchlmmediate(op.offset) as 
if (op = B.LINK.I) then 

RegWrite(0, 64, ProgramCounter + 4) 

endif 

ProgramCounter <- ProgramCounter + (offset!!! N offset II 0 2 ) 
enddef 

Exceptions 
none 
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Execute 

These operations perform calculations with two general register values, 
the result in a general register. 



Ooer=tinn r.nri^ 



E.ADD 


Execute add 


E.ADD.O 


Execute add and check siqned overflow 


E.ADD.UO 


Execute add and check unsianpd overflow 


E.AND 


Execute and 


E.ANDN 


Execute and not 


E.ASUM 


Execute and summation of bits 


E.LMS 


Execute siqned loaarithm of most qinnifirant hit f 


E.NAND 


Execute not and 


E.NOR 


Execute not or 


E.OR 


Execute or 


E.ORN 


Execute or not 


E.ROTL 


Execute rotate left 


E.ROTR 


Execute rotate riqht 


E.SELECT.8 


Execute select bytes 


E.SHL 


Execute shift left 


E.SHL.O 


Execute shift left and check siqned overflow 


E.SHL. UO 


Execute shift left and check unsiqned overflow 


E.SHR 


Execute signed shift right 


E.ULMS 


Execute unsigned logarithm of most significant bit 


E.USHR 


Execute unsigned shift riqht 


E.XNOR 


Execute exclusive nor 


E.XOR 


Execute xor 



class 


operation 


check 


arithmetic 


ADD 


NONE O UO 


shift 


SHL 


NONE O UO 


SHR USHR 




ROTL ROTR 




SELECT8 




logarithm 


LMS ULMS 




summation 


ASUM " 




bitwise 


OR AND XOR ANDN 
NOR NAND XNOR ORN 





Format 



op rc=ra,rb 

31 24 23 IS 17 12 II 6 5 0 
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I E. MINOR I ra | rb | rc | op | 

8 6 6 6 6 

Description 

The contents of registers ra and rb are fetched and the specified operation is 
performed on these operands. The result is placed into register rc. 

Definition 

def Execute(op.ra.rb.rc) as 
a RegRead(ra. 64) 
b <- RegRead(rb. 64) 
case op of 
E.ROTL: 

c «- a (63-b 5 0 )..0 !l a 63 0 ) 
E.ROTR: 

c a (b 5 o-D .0 » a 63..S=; o 
E.SHL: 

c- a (63-b 50 )..0 l!O b -o 
E.SHLO: 

if a 63..63.b 5 .o^ a 63° +1 th * n 
raise FixedPointArithmetic 

endif 

c^a {63 . b5oX . 0 no*" 
E.SHLUO: 

lf a 53..64-b 5 0 *0 then 

raise FixedPointArithmetic 

endif 

C<- 3(53-b 50 ). 0 ^O^ 5 - 0 
E.SHR: 

c^ a 6 b f na 63 .. b5 . 0 
E.USHR: 

c^0 b 5.0,| a63b5o 

E.ADD: 

c <- a + b 
E.ADD.O: 

t *- (a 63 I! a) + (b 63 II b) 

if t64 * *63 then 

raise FixedPointArithmetic 

endif 

c «- t63..0 
E.ADD.UO: 

i *- (0 1 II a) + (0 1 II b) 
if t64 * 0 then 

raise FixedPointArithmetic 

endif 

c*-t 63 ..o 
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E.AND: 






a and b 


E OR- 




c 


a or b 


E.XOR: 






a xor b: 


E.ANDN: 




c * 


A anH nnt K 
3 ai iu t iui u 


E.N AND: 




C <— 


not (a and 


E.NOR: 


c ^ 


not {a. or 


E.XNOR: 


c <- 


not (a xor b) 


E.ORN: 


c «- 


a or not b 


E.LMS: 




il <a= 


=0) then 




c <- -1 


else 





fcr i «- 0 to 63 



if 363. .i = (ag 1 II not a 53 ) then 
c <- i 

endif 
endfor 

endif 
E.ULMS: 

if (a=0) then 
c'<- -1 

else 

for i <- 0 to 63 

if a 6 3..i =(0 63 ^ I! 1)then 
c *- i 

endif 
endfor 

endif 
E.ASUM: 

1 4- a & b 

u (t 6 3..l&0x5555555555555555) + (t&0x5555555555555555) 
v «- (u 53 ..2&0x3333333333333333) + (u&0x3333333333333333) 
w «- (V63..4&0x707070707070707) + (v&0x0707070 707070707) 
* «- (W53..8&0xf000f000f000f) + (w&OxOOOfOOOfOOOfOOOf) 

C «- X52..48 * x 36..32 + *20..16 + X4..0 
E.SELECT.8: 

for i <- 0 to 7 

i «- b3-j + 2..3-i 
r 8'i+7..8*i «~ a 8-j+7..8-j 

endfor 

endcase 

RegWrite(rc. 64. c) 
enddef 

ExcsQliQDS 
Fixed-point arithmetic 
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in a general 



| E.CQPY.l | Execute copy immediate 



Format 



E.COPY.I 



ra=imm 



31 



24 23 



18 17 



0 



I E.COPY.I | ra | imm 1 

8 6 Tq 

Description 

A 64-bit immediate value is sign-extended from the 18-bit imm field. The result is 
placed into register ra. 

Definition 

def ExecuteCopytmmediate(op.ra.imm) as 

i f-fimm^ 46 II imm) 

RegWrite(ra. 64, i) 
enddef 

Exceptions 
none 
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Execute Field Immediate 

These operations perform calculations with one or two general register values and 
two immediate values, placing the result in a general register. 



Operation code? 



E.DEP.i 


Execute deposit immediate 


E.MDEP.I 


Execute merge deposit immediate 


E.UDEP.I 


Execute unsigned deposit immediate 


E.UWTH.I 


Execute unsigned withdraw immediate 


E.WTH.I 


Execute withdraw immediate 



Format 



op rb=ra,ishift,isize 

_L! 24 23 18 17 12 11 65 0 

1 °P I ra I rb I ishift | isizT5 ~] 
8 6 6 6 6 

Description 

The contents of register ra ? and if specified, the contents of register rb is fetched, 
and 6-bit immediate values are taken from the 6-bit ishift and isizea fields. The 
specified operation is performed on these operands. The result is placed into 
register rb. 

Definition 

def ExecuteFieldlmmediate(op.ra.rb. ishift. isizea) as 
a <r~ RegRead(ra. 64) 
isize <- isizea* 1 
if (ishift+isize>64) 

raise Reservedlnstruction 

endif 

case op of 
E.DEPI: 

E.UDEPI: 

b 4- o^-'S'ze-ishift „ Q „ Qishift 

E.MDEP!: 

m <- RegRead(rb, 64) 

t> «- m 63..isize+ishift " aisize-1..0 11 m i$hifM..O 
E.WTHI: 

k a 64-isize II a . 
° <~ a .size -Mshift -l 11 a »f»«-ismtM..ishiti 
E.UWTHI: 

b ^ 0 6A. iS ize |, aisize+iswft.i.. ishift 

endcase 
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RegWrite(rb. 64. b) 
enddef 

Reserved instruction 
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Execute Immediate 

.These operations perform calculations with one general register value and one 
immediate value, placing the result in a general register. 



Operation codes 



E.ADD.I 


Execute add immediate 


E.ADD.I.O 


Execute add immediate and check signed -overflow 


E.ADD.I.UO 


Execute add immediate and check unsigned overflow 


E.AND.I 


Execute and immediate 


E.NAND.t 


Execute not and immediate f 


E.NOR.I 


Execute not cr immediate 


E.OR.I 


Execute or immediate 


E.XOR.I 


Execute xor immediate j 



class 


operation 


check 


arithmetic 


ADD 


NONE O UO 


bitwise 


AND OR NAND NOR 
XOR 





Format 



op rb=ra,imm 

31 24 23 18 17 12 11 0 

I OP | ra I rb 1 imm I 

8 6 6 12 

Description 

The contents of register ra is fetched, and a 64-bit immediate value is sign- 
extended from the 12 -bit imm field. The specified operation is performed on these 
operands. The result is placed into register rc. 

Definition 

def Executelmmediate(opja.rb.imm) as 

i «- (imm^Himm) 

a <- RegRead(ra. 64)' 
case op of 
E.AND.I: 

b <- a and i 
E.OR.I: 

b <- a or i 
E. NAND. I: 

b <- a nand i 
E.NOR.I: 

b a nor i 
E.XOR.I: 

b *- a xor i: 
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E.ADD.I: 

b 4— 3 + i 
E.ADD.I.SO: 

t «- (ae3 II a) + (i63 11 >) 

if t64 * t63 then 

raise FixedPointArithmetic 

endif 
b *63..o 

endcase 

RegWnte(rb. 64, b) 
enddef 

Exceptions 
Fixed-point arithmetic 
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Execute Immediate Reversed 

These operations perform calculations with one general register value and one 
immediate value, placing the result in a general register. 



Operation codes 



E.SET.I.E 


Execute set immediate equal 


E.SET.I.GE 


Execute set immediate signed greater or equal 


c.ot 1 .1.L 


Execute set immediate siqned less 


E.SET.I.NE 


Execute set immediate not equal 


E.SET.I.UGE 


Execute set immediate unsianed greater or equal 


E.SET.I.UL 


Execute set immediate unsigned less 


E.SUB.I 


Execute subtract immediate "*] 


E.SUB.I. E 


Execute subtract immediate and check equal 


E.SUB.I. GE 


execute suo;rs:: immediate ana cnec< 3;gnea greater or equsi 


E.SUB.I. L 


Execute subtract immediate and check siqned less 


E.SUB.I. NE 


Execute subtract immediate and check not equal 


ESUB.LO 


Execute subtract immediate and check signed overflow 


E.SUB.I. UGE 


fcxecute suoir a _t immeciaie ana cnecK unsrgnea greater or squai 


E.SUB.I. UL 


Execute subtract immediate and check unsigned less 


E.SUB.I.UO 


Execute subtract immediate and check unsigned overflow 



class 


operation 


check 


arithmetic 


SUB 


NONE O UO 
E L UL 
NE GE UGE 


boolean 


SET.E SELL SET.UL 
SET.NE SET.GE SET.UGE 





Format 



op rb=imm,ra 

31 24 23 18 17 12 11 Q 

I QP I ra 1 rb I [mm | 

8 6 6 H? 

Description 

The contents of register ra is fetched, and a 64 -bit immediate value is sign- 
extended from the 12-bit imm field. The specified operation is performed on these 
operands. The result is placed into register rc. 

Definition 

def Executelmmediate(op.ra.rb.imm) as 
i <- (immi 1^2 \\ j mm ) 
a <r- RegRead(ra. 64) 
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case op of 
E.SUB.I: 

b 4- j - a 
E.SUB.I. SO: 

t«-fl63 » »)-(a63 11 a) 
if t64 * t63 then 

raise FixedPointArithmetic 

endif 

b*- t63..0 
E.SET.I.E: 

b «- (i = a) 64 
E.SET.I.NE: 

b<-("*a) 64 
E.SET.LL: 

b «- (i < a) 64 
E.SET.I.GE: 

b <~ (i > a) 64 
E.SET.I.UL: 

b <- ((0 II i) < (0 II a)) 64 
E.SET.I.UGE: 

b*-((0 II i)2(0 II a))& 4 
E.SUB.LE: 

bf-i-a 

if i * a then 

raise FixedPointArithmetic 

endif 
E.SUB.I.NE: 
b <— i - a 
if i = a then 

raise FixedPointArithmetic 

endif 
E.SUB.I.L: 
b < — i - a 
if i > a then 

raise FixedPointArithmetic . 

endif 
E.SUB.I.GE: 
b<-i-a 
if i < athen 

raise FixedPointArithmetic 

endif 
E.SUB.I.UL: 
b <- i - a 

if (0 II i) > (0 II a) then 

raise FixedPointArithmetic 

endif 
E.SUB.I.UGE: 
b <— i - a 

if (0 II i) < (0 II a) then 

raise FixedPointArithmetic 

endif 

endcase 

RegWrite(rb, 64, b) 
enddef 

Exceptions 
Fixed-point arithmetic 
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Execute Inolace 

These operations perform calculations with three general register values, placing 
the result in the third general register. 

Operation codes 

lE.MSHR [ Execute merge shift right . | 

Format 

E.MSHR rc=ra,rb.rc 

31 24 23 18 17 12 11 6 5 0 

j E. MINOR | ra | rb | rc | op | 

8 6 6 6 6 

Pescricppn 

The contents of registers ra, rb, and rc are fetched. The specified operation is 
performed on these operands. The result is placed into register rc 

Definition 

def ExecuteTernarylnplace(op,ra,rb,rc) as 
a RegRead(ra. 64) 
b <- RegRead(rb. 64) 
c <- RegRead(rc. 64) 
case op of 
E.MSHR: 

d «- C63..64-D 5 o 11 a c3..b 5 „Q 

endcase 

RegWrite(rc. 64. d) 
enddef 

Exceptions 
none 
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Execute Reversed 

These operations perform calculations with two general register values, placing 
the result in a general register. 



Operation codes 



E.SET.E 


FyppiitP Qot oniial 

tAvvUlC Owl wL|Udl 


E.SET.GE 


Execute set signed qreater or equal 


E.SET.L 


Execute set signed less 


E.SET.NE 


Execute set not equal 


E.SET.UGE 


Execute set unsigned greater or equal 


E.SET.UL 


Execute set unsigned less 


E.SUB 


Execute subtract 


E.SUB.E 


Execute subtract and check equal 


E.SUB.GE 


Execute subtract and check siqned qreater or equal 


E.SUB.L 


Execute subtract and check siqned less 


E.SUB.NE 


Execute subtract and check not equal j 


E.SUB.O 


Execute subtract and check signed overflow 


E.SUB. UGE 


Execute subtract and check unsigned greater or equal 


E.SUB.UL 


Execute subtract and check unsigned less 


E.SUB.UO 


Execute subtract and check unsigned overflow 



class 


operation 


check 


arithmetic 


SUB 


NONE O UO 
E L UL 
NE GE UGE 


boolean 


SET.E SELL SET.UL 
SET.NE SET.GE SET. UGE 





Format 



op rc=rb,ra 

31 24 23 18 17 12 11 65 0 

1 E. MINOR | ra | rb 1 rc | 1 

~~8 6 6 6 6 

Description 

The concents of registers ra and rb are fetched and the specified operation is 
performed on these operands. The result is placed into register rc. 

Definition 

def ExecuteReversed(oo.ra.rb.rc) as 
a *- RegRead(ra. 64) 
b <- RegRead(rb. 64) 
case op of 
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E.SUB: 

c 4- b - a 

E.SUB.O: 

t«-(b63 II b)-(a63 'I a) 
if t54 * t63 then 

raise FixedPointArithmetic 

endif 

c t63..0 
E.SUB.'UO: 

t <- (0 1 II b) - (0 1 II a) 
if \qc * 0 then 

raise FixedPointArithmetic 

endif 
c «- 163..0 
E.SUB.E: 

c «- b - a 
if b * a then 

raise FixedPointArithmetic 

endif 
E.SUB.NE: 
c <- b - a 
if b = a then 

raise FixedPointArithmetic 

endif 
E.SUB.L: 

c <- b - a 
if b > a then 

raise FixedPointArithmetic 

endif 
E.SUB.GE: 
c «- b - a 
if b < a then 

raise FixedPointArithmetic 

endif 
E.SUB, UL: 
c b - a 

if (0 II b) > (0 II a) then 

raise FixedPointArithmetic 

endif 
E.SUB. UGE: 
c 4- b - a 

if (0 II b) < (0 II a) then 

raise FixedPointArithmetic 

endif 
E.SET.E: 

c <- (b = a) 64 
E.SET.NE: 

c <- (b * a) 64 
E.SET.L: 

c <- (b < a) 64 
E.SET.GE: 

c 4- (b s a) 64 
E.SET.UL: 

c <- ((0 II b) < (0 II a)) 64 
E.SET.UGE: 

c«-((0 Hb)>(0 II a)) 64 

endcase 
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enddef 

Exceptions 
Fixed-point arithmetic 
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Execute Short Immediate 

These operations perform calculations with one general register value and one 
immediate value, placing the result in a general register. 



Operation codes 



E.ROTR.I 


Execute rotate right immediate 


E.SHLI 


Execute shift left immediate 


E.SHLI.O 


Execute shift left immediate and check signed overflow 


E.SHL.I.UO 


Execute shift left immediate and check unsigned overflow 


E.SHR.I 


Execute signed shift right immediate 


E.SHUFFLE.I 


Execute shuffle immediate 


E.USHR.I 


Execute unsigned shift right immediate 



Format 



op rb=ra,simm 

31 . 24 p 18 17 12 11 6 5 

I E. MINOR | ra 1 rb | simm | op" 

8 6 6 6 6 



Description 

The contents of register ra is fetched, and a 6-bit immediate value is taken from 
the 6-bit simm field. The specified operation is performed on these operands. The 
result is placed into register rb. 

Definition 

del ExecuteShortlmmediate(op,ra.rb,simm) as 
a <- RegRead(ra, 64) 
case op of 

E.SHUFFLE.I: 

case simm of 
0: 

b <- a 

1..35: 

for x *- 0 to 7; for y <— 0 to x-1 ; for z «- 1 to x-y 

if simm = ((x*x*x-3Vx-4*x)/6-(z*z-z)/2+x*z+y+ 1) then 
for i <~ 0 to 63 

bi <~ ^7..x » 'yz-1..y B 'x-1..y*2 « »y-1..o) 

end 

endif 

endfor; endfor: endfor 
36.. 255: 

raise Reservedinstruction 

endcase 
E.ROTR.I: 

b <— 3simm-1..0 " a 63..simm 
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E.SHL.I: 

b - a 63-simm..O » 0 simm 
E.SHL.I.O: 

ita63..63.simm^a| 3 mm+1 then 

raise FixedPointArithmetic 

endif 

b <- a 63-simm..O » 0 simm 
E.SHLI.UO: 

if a63..54.simm * 0 then 

raise FixedPointArithmetic 

endil 

b *- a 63-simm..O H 0 simm 
E.SHR.I: 

b<-a 63 simm Ha 63 .. 5imm 

E.USHR.I: 

h <— o simm II A -o 

u t— u 11 a o3..5imm 

endcase 

RegWrite(rb. 64. b) 
enddef 

Exceptions 
Fixed-point arithmetic 
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Execute Short Immediate InolacR 

These operations perform calculations with one general register value and one 
immediate value, placing the result in a general register. 

Operation codes 

IE.MSHR.I | Execute merge shift right immediate | 



Format 

op rb=ra,simm 

3J 24 23 18 17 12 11 6 5 0 

[ E. MINOR 1 ra | rb | simm | op | 

8 6 6 6 6 

D?$Qriotion 

The contents of registers ra and rb are fetched, and a 6-bit immediate value is 
taken from the 6-bit simm field. The specified operation is performed on these 
operands. The result is placed into register rb. 

Definition 

def ExecuteShortlmmediatelnplace(op.ra.rb.simm) as 
a <- RegRead(ra. 64) 
b <- RegRead(rb. 64) 
case op of 

E.MSHR.I: 

C «- b63..63-simm H a63..3imrr, 

endcase 

RegWrite(rb. 64. c) 
enddef 

Exceptions 
Fixed-point arithmetic 
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Execute Swizzle Immediate 

These operations perform calculations with a general register value and two 
immediate values, placing the result in a general register. 

Operation codes 

I E.SWIZZLE.I [ Execute swizzle immediate | 

EOOmt 

op rb=ra,icopy.iswap 

I °P I ra | rb j icopy | iswap | 

8 6 6 6 6 

Description 

The contents of register ra is fetched, and 6-bit immediate values are taken from 
the 6-bit icopy and iswap fields. The specified operation is performed on these 
operands. The result is placed into register rb. 

Definition 

def GroupSwizzlelmmediate(op,ra.rb, icopy. iswap) as 
a <- RegRead(ra. 64) 
for i 4- 0 to 63 

bi <- a(j & icop/) a , swap 
endfor 

RegWrite(rb. 63. b) 
enddef 

Exceptions 
Reserved instruction 
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Execute Ternary 

These operations perform calculations with three general register values, placin° 
the result in a fourth general register. ■ ' ~ ° 



Operation codes 



E.8MUX 


Execute 8-way multiplex 


E.MUX 


Execute multiplex 


E. TRANSPOSE. 8MUX 


Execute transoose and 8-way multiplex j 


Format 




op rd=ra.rb,rc 




31 24 23 18 17 1211 r ^ n 


1 op | 


« 1 * | rc S rd ] 


8 


6 6 6 6 


Descriotion 





The concents of registers ra, rb, and rc are fetched. The specified operation is 
performed on these operands. The result is placed into register rd. 

Definition 

def ExecuteTernary(op.ra.rb.rc.rd) as 
case op of 

E.8MUX. E.TRANSPOSE.8MUX: 

a 4- RegRead(ra. 64) 

b <- RegRead(rb. 128) 

c <- RegRead(rc. 64) 
E.MUX: 

a <- RegRead(ra. 64) 

b <- RegRead(rb. 64) 

c <- RegRead(rc. 64) 

endcase 
case op of 
E.8MUX: 

for i <- 0 to 63 

dj *Gsj ■ c, 483 ll b oiS3) . S4 l! b l&63 ) 
endfor 
E.TRANSPOSE.8MUX: 
for i <— 0 to 63 

tj %..o » I5..3) 
endfor 

for i <- 0 to 63 

d| *" ki 5 .j I c, d£3 !l b (:d55) ^ 0 b t&£3 ) 
endfor 
E.MUX: 

d <- (b and a) or (c and not a) 

endcase 
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RegWnte(rd. 64. d) 
enddef 

Excretions 
none 
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Floating-point 

These operations perform floating-point arithmetic on two floating-point operands. 



Oce r ation codes 



F.ADD.16 


Floating-point add half 


F.ADD.16.C 


Floating-DOint add half ceilinq 


F.ADD.16.F 


Floatmg-Doint add half floor 


F.ADD.16.N 


Floating-point add half nearest 


F.ADD.16.T 


Floating-point add half truncate 


F.ADD.16.X 


Floating-point add half exact 


F.ADD.32 


Floating-point add Single 


F.ADD.32.C 


Floating-point add single ceiiinq 


F.ADD.32.F 


Floating-DOint add single floor 


F.ADD.32.N 


Floating-point add single nearest 


F.ADD.32.T 


Floatino-ooint add sinale tnmratp 


F.ADD.32.X 


Floatina-Doint add ^innlp pyart 


F ADD. 64 


Floatino-Doint add dnuhlp 


F.ADD.64 .C 


Floatinn-nomt add dmiHIo ^oilinn 


F.ADD.64 .F 


Floatino-Doint add dnuhlp flnnr 


F.ADD.64 .N 


Floatina-Doint add double nearp^t 


F.ADD.64 J 


FloatinQ-Doint add dnuhlp tmnrstp 


F.ADD.64 .X 


FloatinQ-Doint add double exact 


F ADD. 128 


Floating-point add quad 


F.ADD.128.C 


Floatina-DOtnt add ouad rpiiinn 


F.ADD.128.F 


Floatina-DOint add nuarl flnnr 


F.ADD.128.N 


FloatinQ-Doint add auad nparpQt 


F.ADD.128.T 


Floatina-Doini add nuart tninnfltp 


F. ADD. 128.X 


Floating-point add quad exact 


F.DIV.16 


Floating-point divide half 


F.DIV.16.C 


Floating-point divide half ceiling 


F.DIV.16.F 


Floating-point divide half floor 


F.DIV.16.N 


Floating-point divide half nearest 


F.DIV.16.T 


Floating-point divide half truncate 


F.DIV.16.X 


Floating-point divide half exact 


F.DIV.32 


Floating-point divide single 


F.DIV.32.C 


Floating-point divide sinqle ceiling 


F.DIV.32.F 


Floating-point divide single floor 


F.DIV.32.N 


Floating-point divide sinqle nearest 


F.DIV.32.T 


Floating-point divide single truncate 


F.DIV.32.X 


Floating-point divide single exact 


F.DIV.64 


Floating-point divide double 


F.DIV.64.C 


Floating-point divide double ceiling 


F.DIV.64.F 


Floating-point divide double floor 


F.DIV.64. N 


Floating-point divide double nearest 
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F DIV 64 T 


nudui iy-p<jini Qiviue uOUDIG truncate 


F DIV 64 X 


Flnptinn-rininf riiwiHo Hnnhia Qv-^^t 

i luaui ly uuii ll uivlUc UUUUIc SXaCI 


F.DIV.128 


Finptinn-nninf > rtiwirlo ni iqH 


F DIV 128 C 


i luaiiuy MUini uiVIUfc? yUdU Celling 


F DIV 128 F 


Flo^t inn -nninf Hn/iHo nii^H fi^*^r 1 
i iwcuii ly -jjuii it Ulvius yUaG TIOOi 


F DIV 128 N 


nudiu ly-puiru uivlue QU3Q nearest 


F DIV 128 T 


riucun ly-puiru uiviae guau truncate 


F DIV 12R X 


nudui ly-ijon ll uiVIUo QUaO GXaCi 


F MUL 16 


r luaiitiy fjuiiii rnuiupiy naif 


F MUL 1fi P 


rioaiing-poini multiply halt ceding 


F Mill 1fi F 

i . IVI w ly.r 


riudiing-poinr multiply halt floor 


F Ml tk 1fi M 

i . IVIVJl_. 1 O. IN 


rioaung-point multiply half nearest 


F Ml II 1R T 


Hoatmg-Doin: multiply half truncate 


F K/l t II 1fi Y 


rioating-point multiply hall exact 


P Ml II ^9 


rioating-point multiply single 




Floating-point multiply single ceilinq 


P Ml li QO P 


Floatingpoint multiply single floor 


P Ml II QO M 


Floating-point multiply single nearest 


P Ml II T 
r. IVIUL. oc.. 1 


Floating-point multiply single truncate 


P l\ >1 1 II QO Y 

r.iviUL.o^.A 


Floating-point multiply single exact 


P Ml il C/1 


Floating-point multiply double 


P yl I It C/t 


Floating-point multiply double ceilinq 


r.MUL.D4.r 


Floating-point multiply double floor 


p rv /i t ii C/i ki i 


Floating-point multiply double nearest 


r. MUL. Oh-. 1 


Floating-point multiply double truncate j 


F.MUL64.X 


Fioatino-Dnint mnltinlvy rinnhla oyart 


F.MUL.128 


Floating-point multiply quad 


F.MUL128.C 


Floating-point multiply quad ceilinq 


F.MUL128.F 


Floating-point multiply quad floor 


F.MUL.128.N 


Floating-point multiply quad nearest 


F.MUL.128 J 


Floating-point multiply quad truncate 


F.MUL128.X 


Floating-point multiply quad exact 





op 


prec 


round/trap 


add 


ADD 


16 32 64 128 


none C F N T X 


multiply 


MUL 


16 32 64 128 


none C F N T X 


divide 


DIV 


16 32 64 128 


none C F N T X 



Format 

F.op. prec. round rc=ra,rb 

31 24 23 18 17 12 11 65 0 

| F.prec | ra | rb | re | op.round | 

8 6 6 6 6 
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Description 

The contents of registers is register pairs specified by ra and rb are combined 
using the specified floating-point operation. The operation is rounded using the 
specified rounding option or using round-to-nearest if not specified. The result is 
placed in the register or register pair specified by rc. 

If a rounding option is specified, the operation raises a floating-point exception if a 
floating-point invalid operation, divide by zero, overflow, or underflow occurs, or 
when specified, if the result is inexact. If a rounding option is not specified, 
floating-point exceptions are not raised, and are handled according to the default 
rules of IEEE 754. 

It F128 precision is specified, ra, rb and rc refer to an aligned pair of registers, and 
a reserved instruction exception occurs if the low-order bit of these operands is 
set. 

Definition 

def FloatingPoint(op.prec. round. ra.rb.rc) as 

a «- F(prec. RegRead(ra, (prec<64) ? £4 : prec)) 
b «- F(prec. RegRead(rb. (prec<64) ? 64 : prec)) 
if round*NONE then 

if isSignallingNaN(a) I isSignallingNaN(b) 
raise FloatingPointException 

endif 

case op of 
F.DIV; 

if b=0 then 

raise FloatingPointArithmetic 

endif 
others: 
endcase 

endif 

case op of 
F.ADD: 

c <- a+b 
F.MUL: 

c <- a'b 
F.DIV.: 

c «- a/b 

endcase 
case round of 

X: 
N: 
T: 
F: 
C: 

NONE: 
endcase 

RegWrite(rc. (prec<64) : 64 : prec. PackF(prec.c)) 
enddef 
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Reserved instruction 
Floating-point arithmetic 



126 



Case 2:05-cv-00505-TJW Document 149 Filed 10/15/2007 Page 10 of 40 

WO 97/07450 PCT/US96/13047 



Floating-point Reversed 

These operations perform floating-point arithmetic on two floaang-point operands. 



Operation codes 



F.SET.E.16 


Floating-pcint set equal half 


F.SET.E.16.X 


Floating-point set equal half exact 


F.SET.E.32 


Floating-point set equal single 


F.SET.E.32.X 


Floating-point set equal sinqle exact 


F.SET.E.64 


Floating-poini set equal double 


F.SET.E.64.X 


Floating-point set equal double exact 


F.SET.E.128 


Floating-point set equal quad 


F.SET.E.128.X 


Floatinq-poini set eoual auad exart 


F.SET.GE.16.X 


Floatinn-DOtnt set areater or ^aual half pxari 


FSET.GE.32.X 


Floatina-Doint set areater or <=>nu3i qinnip pvart 


F.SET.GE.64.X 


Floatina-Doint set areater or pnual dnnhlp pyart 

• wMtii ' w 1 1 1 1 <*j v_< i yi ^/Ului w 1 CUUul vi \»J U l«J 1 " AGIO L 


F.SET.GE.128.X 


Floatino-DOint set or^atPr nr pnnal niia.n ovapt 


F.SET.L.16.X 


Floatina-Doini set less half exart 


F.SET.L.32.X 


Fioatina-Doirt set ipoo cjnnip pyart 


F.SET.L.64.X 


FloatinODO.nt SPt Ip<>9 dnnhlp py^rt 


F.SET.L.128.X 


Floatina-DOint SPt Ips^ nnp.d pyart 


F.SET.NE.16 


Floatina-noint spt not pnnal half 

' 'wuui ly j->wit ii o^l • IUI C^jUal 1 tail 


F.SET.NE.16.X 


FIOatinQ-DOi nt <sPt nnt pniisl half ovart 


F.SET.NE.32 


Floatina-ooirt ^pt not phm^i cinnip 


F.SET.NE.32.X 


FIOatinQ-DOint SPt not pnnfll Qinnlp pyart 


F.SET.NE.64 


Floatino-Doint SPt not pnnal dnnhlp 


F.SET.NE.64.X 


Floatina-Doint set not ennal dnuhip pyprt 


F.SET.NE.128 


Floatina-Doint set not eaual auad 


F.SET.NE.128.X 


Floatina-Doint set not eaual auad exart 


F. SET. NGE. 16.X 


Floatina-Doint set not areater or pnual half pxart 


F.SET.NGE.32.X 


Floatina-Doint set not areater or eaual Minnie exart 


F.SET.NGE.64.X 


Floatinq-point set not areater or eaual double exact 


F. SET. NGE. 128.X 


Floating-point set not greater or equal quad exact 


F.SET.NL16.X 


Floating-point set not or less half exact 


F.SET.NL32.X 


Floating-point set not or less single exact 


F.SET.NL.64.X 


Floating-point set not or less double exact 


F.SET.NL128.X 


Floating-point set not or less auad exact j 


F.SET.NUE.16 


Floating-point set not unordered or equal half 


F. SET. NUE. 16.X 


Floating-point set not unordered or equal half exact 


F.SET. NUE.32 


Floating-point set not unordered or equal single 


F. SET. NUE. 32.X 


Floating-point set not unordered or equal single exact 


F.SET. NUE. 64 


Floating-poim set not unordered or equal double ! 


F.SET. NUE. 64. X 


Floating-point set not unordered or equal double exact 


F.SET. NUE. 128 


Floating-poini set not unordered or equal quad 


F.SET. NUE. 128.X 


Floating-point set not unordered or equal quad exact 
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F.SET.NUGE.16 


Fioating-pomt se: not unordered greater or equal half 


F.SET.NUGE.32 


Floating-point se: not unordered greater or equal single 


F.SET.NUGE.64 


Floating-point ser not unordered greater or equal double 


F.SET.NUGE.128 


Floating-point set not unordered greater or equal quad 


F.SET.NUL.16 


Floating-point set not unordered or less half 


F.SET.NUL.32 


Floating-point set not unordered or less single 


F.SET.NUL64 


Floating-point set not unordered or less double 


F.SET.NUL128 


Floating-point set not unordered or less quad 


F.SET.UE.16 


Floating-point set qreater or equal half 


F.SET.UE.16.X 


Floating-point set qreater or eaual half exact 


F.SET.UE.32 


Floating-point set qreater or equal sinqle I 


F.SET.UE.32.X 


Floating-point set qreater or equal sinqle exact 


F.SET.UE.64 


Floating-point set qreater or equal double | 


F.SET.UE.64.X 


Floating-point set qreater or equal double exact 


F.SET.UE.128 


Floating-point set qreater or equal quad 


F.SET.UE.128.X 


Floating-point set qreater or equal quad exact 


F.SET.UGE.16 


Floating-point set unordered qreater or equal half 


F.SET.UGE.32 


Floating-point set unordered qreater or equal sinale 


F.SET.UGE.64 


Floating-point se: unordered greater or equai double 


F.SET.UGE.128 


Floating-point set unordered areater or equal quad 


F.SET.UL16 


Floating-point set unordered or less half 


F.SET.UL32 


Floating-point set unordered or less sinqle 


F.SET.UL.64 


Floating-point set unordered or less double 


F.SET.UL.128 


Floating-point set unordered or less auad 


F.SUB.16 


Floating-point subtract half 


F.SUB.16.C 


Floating-point subtract half ceilinq 


F.SUB.16.F 


Floating-point subtract half floor 


F.SUB.16.N 


Floating-point subtract half nearest 


F.SUB.16.T 


Floating-point subtract half truncate 


F.SUB.16.X 


Floating-point subtract half exact j 


F.SUB.32 


Floating-point subtract sinqle ! 


F.SUB.32.C 


Floating-point subtract sinqle ceiling 


F.SUB.32.F 


Floating-point subtract sinqle floor 


F.SUB.32.N 


Floating-point subtract sinqle nearest 


F.SUB.32.T 


Floating-point subtract single truncate j 


F.SUB.32.X 


Floating-point subtract sinqle exact 


F.SUB.64 


Floating-point subtract double 


F.SUB.64.C 


Floating-point subtract double ceiling [ 


F.SUB.64.F 


Floating-point subtract double floor 


F.SUB.64.N 


Floating-point subtract double nearest 


F.SUB.64. T 


Floating-point subtract double truncate \ 


F.SUB.64.X 


Floating-point subtract double exact ! 


F.SUB.128 


Floating-point subtract quad 


F.SUB.128.C 


Floating-point subtract quad ceiling 


F.SUB.128. F 


Floating-point subtract quad floor 


F.SUB.128.N 


Floating-point subtract quad nearest 
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F.SUB.128.T 


Floating-point subtract quad truncate 


F.SUB. 128.X 


Floating-point subtract quad exact 





op 


prec 


round/trap 




SET 

E NE 
UE NUE 


ID £i d4 l<£b 


noneX 




SET. 

NUGE NUL 
UGE UL 


16 32 64 128 


NONE 




SET. 

L GE 
NL NGE 


16 32 64 128 


X 


subtract 


SUB 


16 32 64 128 


none C F N T X ! 



Format 

F.op. prec. round rc=rb,ra 

3j 2* '23 

| F.prec 



18 17 



12 11 



ra 



8 



6 5 



rb 



I rc | op. round | 



Description 

The contents of registers or register pairs specified by ra and rb are combined 
using the specified floating-point operation. The operation is rounded using the 
specified rounding option or using round-to-nearest if not specified. The result is 
placed in the register or register pair specified by rc. 

If a rounding option is specified, the operation raises a floating-point exception if a 
floating-point invalid operation, divide by zero, overflow, or underflow occurs, or 
when specified, if the result is inexact. If a rounding option is not specitied. 
floating-point exceptions are not raised, and are handled according to the deiaul: 
rules of IEEE 754. 

If F128 precision is specified, ra, rb and rc refer to an aligned pair of registers, and 
a reserved instruction exception occurs if the low-order bit of these operands is 
set. 

Definition 

def FloatingPointReve r sed(op. prec. round. ra.rb.rc) as 
a *- F(prec. RegRead(ra. (prec<64) ? 64 : prec)) 
b <- F(prec. RegRead(rb. (prec<64) ? 64 : prec)) 
if roundxNONE then 

if isSignallingNaN(a) I isSignallingNaN(b) 
raise FloatingPointException 

endtf 

case op of 

F.SET.L, F.SET.GE. F.SET.NL F.SET.NGE: 
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if isNaN(a) I isNaN(b) then 

raise Floating PointArithmetic 

endif 
others: 
endcase 

endif 

case op of 
F.SUB: 

c «- b-a 
F.SET.NUGE. F.SET.L: 

c <- b!?>a 
F.SET.NUL F.SET.GE: 

c <- b!?<a 
F.SET.UGE, F.SET.NL: 

c f- b?>a 
F.SET.UL F.SET.NGE: 

c <- b?<a 
F.SET.UE: 

c «- b?=a 
F.SET.NUE: 

c «- b!?=a 
F.SET.E: 

c b=a 
F.SET.NE: 

c «- b*a 

endcase 
case op of 
F.SUB: 

destprec <- prec 
F.SET.NUGE. F.SET.NUL F.SET.UGE. F.SET.UL 
F.SET.L. F.SET.GE. F.SET.E. F.SET.NE. F.SET.UE. F.SET.NUE: 
destprec *- INT 

endcase 
case round of 

X: 
N: 
T: 
F: 
C: 

NONE: 
endcase 
case destprec of 

16, 32. 64. 128: 

RegWrite(rc f (destprec<64) : 64 : destprec, PackF(destprec.c)) 

INT: 

RegWrite(rc, 64, c) 

endcase 
enddef 

Exceptions 

Reserved instruction 
Floating-point arithmetic 
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Floating-point T&rnnrv 

These operations perform floating-point arithmetic on three floating-point 
operands.. 



Operation codes 



F.MULADD.16 


Floating-point multiply and add half 


F.MULADD.32 


Floating-point multiply and add single 


F.MULADD.64 


Floating-point multiply and add double 


F.MULADD.128 


Floating-point multiply and add quad 


F.MULSUB.16 


Floating-point multiply and subtract half 


F.MULSUB.32 


Floating-point multiply and subtract sinqle 


F.MULSUB.64 


Floating-point multiply and subtract double 


F.MULSUB.128 


Floating-point multiply and subtract quad ~1 





op 


prec 


multiply and add 


MULADD 


16 


32 


64 


128 


multiply and subtract 


MULSUB 


16 


32 


64 


128 


Format 














F.operation.type rd=ra.rb,rc 

31 24 23 


18 






6 5 




0 


5 op j ra 




I rb | 


rc 


I 


rd 


I 


8 6 




6 


6 




6 





Description 

The contents of registers or register pairs specified by ra and rb are multiplied 
together and added to or subtracted from the contents of the register or register 
pair specified by rc. The result is rounded to the nearest representable floating- 
point value in a single floating-point operation. The result is placed in the register 
or register pair specified by rd. Floating-point exceptions are not raised, and are 
handled according to the default rules of IEEE 754. These instructions cannot 
select a directed rounding mode or trap on inexact. 

If FI28 precision is specified, ra, rb, rc and rd refer to an aligned pair of registers, 
and a reserved instruction exception occurs if the low-order bit of these operands 
is set. 

Definition 

del FloatingPointTernary(op.ra.rb.rc.rd) as 
case op of 

FMULADD16. FMULSUB16: 

prec <- 16 
FMULADD32. FMULSUB32: 
prec <- 32 
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FMULADD64, FMULSUB64: 

prec <- 64 
FMULADD128, FMULSUB128: 

prec <- 128 

endcase 

a F(prec. RegRead(ra, (prec<54) ? 64 ; prec)) 
b <- F(prec. RegRead(rb. (prec<64) ? 64 : prec)) 
c <- F(prec, RegRead(rc. (precs64) ? 64 : prec)) 
case op of 

FMUIADD16, FMULADD32. FMULADD64. FMULADD128 
d <- a*b+c 

FMULSUB16. FMULSUB32. FMULSU864. FMULSUB128- 
d <- a"b-c 

endcase 

RegWrite(rd. (prec£64) : 64 : prec. PackF(prec.d)) 
enddef 

Exceptions 

Reserved instruction 
Floating-point arithmetic 
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Floating-point Unarv 

These operations perform floating-poin: arithmetic on one floating-point operand. 



Qc-e r a: ; cr codes 



F.ABS.16 


Floating-point absolute value half 


F.ABS.16.X 


Floatinq-pci.n; absolute value half exact 


F.ABS.32 


Floating-point absolute value single 


F.ABS.32.X 


Floating-point absolute value single exact 


F.ABS.64 


Floating-point absolute value double 


F.ABS.64.X 


Floating-point absolute value double exact 


F.ABS.128 


Floating-point absolute value quad 


F.ABS.128.X 


Floating-point absolute value auad pxarr 


F. DEFLATE. 32 


Floatinq-pc:".: convert half from <?innlp 

' * W ^ 1 ^ 1 IUII II V/l • I Oil 1 1 C 


F. DEFLATE. 32. C 


Floatina-ocirt convert half from ^innip rp\\\nn 


F. DEFLATE. 32. F 


Floatinq-cc ~\ convert half from <*innip fionr 

'53 w • » vu " v vi i i ion iiwiil oil ILJ 1 1 f \\JKJ 1 s 


F. DEFLATE. 32. N 


HoatinQ-OCT! Convert half from ^inolp noaroct 

C7 . w * w w i i v \_ I (, 1 lail U KJI t \ On 1*^1 C 1 IwCil vbl 


F. DEFLATE. 32. T 


FloatinQ-DOir:! Convert half from <^inolp trtinraro i 


F. DEFLATE. 32.X 


Floatina-DCiri r convert half from cinniA ovart i 

M r w " wnvgi 1 IIClll II Ul 1 1 OlflL^lt? "XaOl 


F. DEFLATE. 64 


Floatina-DCint COnvprt ^inolp from rlnnhla 


F. DEFLATE. 64. C 


FIOatino-DCirt COnvprt sinnlp frnm rlmiKln r*cniirkn 1 


F. DEFLATE. 64. F 


Floatina-DOiPi Convert <;inolP from rimiKlo floor 

' ' v,- * v,,, ^7 K'^-m.i ^unveil oil IUIC II LM II UUUUI6 iiOOr 


F. DEFLATE. 64. N 


FIOatinQ-DOirii COnVSrt SinolP from double nonracr 


F. DEFLATE. 64. T 


Floatino-Dcinr convprt ^inolp fmm HnnhiQ tmooot^ 


F. DEFLATE. 64.X 


FloatinQ-DOint convert ^innlp from dnnhio ovart 


F.DEFLATE.128 


Floatina-DOirr convert douhle from nnari 

w v ' ^7 ' n • i Oui 'vol v UWwLvJl vT |I\JMI UUqU 1 


F. DEFLATE. 128. C 


Floatina-DOirr convert douhlP from nnarl ooilino 


F. DEFLATE. 128. F 


Floatina-Dcsr.t convert riouhle from nnaH finor 


F. DEFLATE. 128.N 


FloatinQ-DOint Convert douhlP from onad noaroet 


F.DEFLATE.128.T 


Floatino-Doint convert douhip from onad fmnrato 

^7 r w " 11 wwiivwii uuuuic IIUIII L^UClU U Ui IL>alt# 


F.DEFLATE. 128.X 


FloatinQ-DOint convert double from onad pyart 


F.FLOAT.16 


Floatinq-point convert half from inteaer 


F.FLOAT.16.C 


Floating-point convert half from integer ceilinq 


F.FLOAT.16. F 


Floating-point convert half from integer floor 


F.FLOAT.16.N 


Floating-point convert half from integer nearest 


F.FLOAT.16.T 


Floating-point convert half from integer truncate 


F.FLOAT.16.X 


Floating-point convert half from inteqer exact j 


F.FLOAT.32 


Floating-point convert single from integer 


F.FLOAT.32.C 


Floating-point convert single from integer ceiling 


F. FLOAT. 32. F 


Floating-point convert sinqle from integer floor 


F.FLOAT.32. N 


Floating-point convert single from integer nearest 


F.FLOAT.32.T 


Floating-point convert single from integer truncate 


F.FLOAT.32.X 


Floating-point convert single from inteqer exact 1 


F.FLOAT.64 


Floating-point convert double from inteqer 


F.FLOAT.64.C 


Floating-point convert double from inteqer ceiling 
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F.FLOAT.64.F 


Floating-point convert dounip fmm intonar 


F.FLOAT.64.N 


Floating-point convert double from inrpn^r nonro^t 


F.FLOAT.64.T 


Floating-point convert double from intpnpr fmnrato 


F.FLOAT.64.X 


Floating-point convert double from intpnpr pyart 


F. FLOAT. 128 


Floating-point convert auad from intpnpr 


F. INFLATE. 16 


Floatinq-ooint convert sinnle frnm half 


F. INFLATE. 16.X. 


Hoatino-ooint convert sinnle frnm half ova^t 


F INFLATE. 32 


Floatina-Doint convprt dnnhip fmm cinni^ 


F. INFLATE. 32.X 


FlOatina-COint Convert douhlp frnm cinnlci ovqm 


F. INFLATE. 64 


Floatino-Doint nnnvprt nuaH fmm Hnnhia 


F. INFLATE. 64.X 


FloatinQ-DOint convprt niiarl fmm rfmrhici cw^t 
^^^"'y K v,,, i ^^ mv cu mjdvj iiv-fiii Liuuuie exact 


F.NEG.16 


Floatina-noirit neaatp half 


F.NEG.16.X 


Floatino-Doint nenatp half ovart 


F.NEG.32 


Floatina-ooint npnatp sinnio 


F.NEG.32.X 


Floatino-Doinr npnatp ^innio ovart 


F.NEG.64 


Flo^tinn-nni nt npnato HntiKi/^ 


F.NEG.64.X 


Floatinn-nntnt nonage Hm ihia av/o^t 
i ii^auiiy uvjuii Meydie UOUOie exact 


F.NEG.128 


Flnatinn-nnmt nonata rmori 1 
i iuam ly fjunu neydte LjUdQ 


F.NEG. 128.X 


Unatinn-r^punt r^ort^ta mc^w 

i luaiii ly puiiii fi^udie quao exact 


F.SINK.16 


nudiiuy-fjuiru convert integer Trom half i 


F.SINK.16.C 


Hlnatinn-r^oint rnnuart mta^Ar — . i - I 

nudimy ^juiiji oonveri integer trom halt ceiling j 


F.SINK.16.F 


riudLiny-poini convert integer trom half floor 


F.SINK.16 N 


nuduf iy-puint convert integer trom halt nearest 


F SINK 16 T 


riuduny-point convert integer trom half truncate 


F.SINK.16.X 


nudung-poini convert integer trom half exact 


F.SINK.32 


nudui iy-puini convert integer trom single 


F SINK 32 C 


riuduny-poini convert integer trom single ceiling 


F SINK 32 F 


nudiiny pumi convert mieger trom single floor 


F.SINK.32.N 


riuduuy fjumi uoiiveri mieger trom single nearest 


F.SINK.32.T 


Una tin n-nninf f^fM^WOrt {mm ninnln fmnnn*H 

riuaiin y fjuiiiL ouiivcfi inieyer irom single truncate 


F.SINK.32.X 


nuduiiy fjoiui uurivt?ri integer Trom single exact | 


F.SINK.64 


F|natinn-nninr nnnv/prt intonor frr»m ikin 


F.SINK.64.C 


Hlnatino-nninf nnnwprt infon^r irr\m rim ikiA ^ ^ ; i - _ 

t juaiiuy ^juinl uuiivcii inieyer irom oouuie ceiling 


F.SINK.64.F 


Hlnatmn»nnint nnn\/ort intonor irr\rr\ Hnnkin 

§ lucuiuy fjuim uui ivyi l HiLeger rrom oouDie tioor 


F.SINK.64. N 


riwainiy jjunii uuiivcfi integer rrom oouDie nearest 


F.SINK.64.T 


iuaiu| y h u,,u wuiiveii integer rrom aouDie truncate 


F.SINK.64.X 


Floatino-Dnint nnnuprt interior fmm H/^iiKiia Q w 


F.SINK.128 


FloatinO-DOint convprt inte^ne^r frnm nnaH I 

» iwuui 1^ ^wii 11 uui ivci 1 11 1 iuuci iiuill L4 LJ d O 


F.SINK.128.C 


FloatinQ-DOint convert intpnpr frnm nuarl roilino 


F.SINK.128.F 


Floating-point convert inteqer from auad floor 


F.SINK.128.N 


Floating-point convert integer from guad nearest 


F.SINK.128.T 


Floating-point convert integer from quad truncate 


F.SINK.128.X 


Floating-point convert inteqer from quad exact 


F.SQR.16 


Floating-point square root half 


F.SQR.16.C 


Floating-point square root half ceiling 


F.SQR.16.F 


Floating-point sauare root half floor ~1 
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F.SQR.16.N 


Floatino-noint sauare root half nparoct 


F.SQR.16.T 


Floatina-Doinr sauarp roor half tnmrafro '"" 


F.SQR.16.X 


Floatina-ooint sauare root half pxart 


F.SQR.32 


Fioatino-DOint souars roor ^innlp 


F.SQR.32.C 


Floatino-Doint souare root <?innlp roiMnn 


F.SQR.32.F 


Floatina-DOint ^ouarp roof zinnia flnnr 


F.SQR.32.N 


Floatino-Doinr souarp root ^inoip noaroct 

1 'vwniny K v " wUUOl C 1 Wl OlH\JfC MCCM Col 


F.SQR.32.T 


FIOatinO-DOinT ^OUarP root ^innlp trunrata 


F.SQR.32. X 


Floatina-Doint ^nuarp root Qinnin nva^t 1 


F. SQR. 64 


Floatino-noint ^ouarp root dmihio 


F.SQR.64.C 


FloatiflQ-DOinT SOuarp root Hnnhl© roilinn 


F.SQR.64.F 


FlOatinO-OOint ^OiiarP root rinnhlo flnnr 
i luainiy puna oijuai c ivJUl UvJUUIc MUOT 


F.SQR.64.N 


Floatinn-ooinr ^ohptp mnt HrMiKio nnoroct 

1 'wain ly pun u oL|Ualc l UUI UUUUlc nSarSSI 


F SQR 64 T 


r lueun ly-fJwii u b^Ualc iCJUl QOUDI© IrUnCalG 


F.SQR.64.X 


Fioating-point square root double exact 


F.SQR.128 


Floating-point square root quad 


F.SQR.128.C 


Floating-point sauare root ouad ceilinq 


F.SQR.128.F 


Floating-point sauare root quad floor 


F.SQR.128.N 


Floating-point sauare root quad nearest 


F.SQR.128.T 


Floating-point sauare root quad truncate 


F.SQR. 128.X 


Floating-point square root quad exact 





op 


prec 


round/trap \ 


absolute 
value 


ABS 


15 32 64 128 


NONE X 


float from 
integer 


FLOAT 


16 32 64 


none C F N T X 


128 


NONE 


integer 
from float 


SINK 


16 32 64 128 


none C F N T X 


increase 

format 

precision 


INFLATE 


16 32 64 


NONE X 


decrease 

format 

precision 


DEFLATE 


32 64 128 


none C F N T X i 


negate 


NEG 


16 32 64 128 


NONE X I 


square root 


SQR 


16 32 64 128 


none C F N T X 
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Formst 

F.op.prec. round rc=ra 



31 24 23 


18 17 12 11 


6 5 0 


| F.prec | 


ra | op | rc 


1 UNARY. I 






{ round I 


8 . 


6 6 6 


6 



Descriotion 

The contents of the register or register pair specified by ra is used as the operand 
of the specified floating-point operation. The operation is rounded using the 
specified rounding option or using round-to-nearest if not specified. The result is 
placed in the register or register pair specified by rc. 

If a rounding option is specified, the operation raises a floating-point exception if a 
floating-point invalid operation, divide by zero, overflow, or underflow occurs, or 
when specified, if the result is inexact. If a rounding option is nor specified, 
floating-point exceptions are not raised, and are handled according to the default 
rules ot IEEE 754. 

If F128 precision is specified, ra or rb or both refer to an aligned pair of registers, 
and a reserved instruction exception occurs if the low-order bit of these operands 
is set. 

Definition 

def FloatingPointUnary(op.prec.round.ra.rb.rc) as 
if op = F.FLOAT then 

a <- RegFtead(ra. 64) 

else 

a <- F(prec. RegRead(ra. (prec<64) ? 64 : prec)) 

endif 

case op of 
F.ABS: 

if a < 0 then 
c < — a 

else 

c <- a 

endif 
F.NEG: 

c < — a 
F.SQR: 

c «- Va 

F.FLOAT. F.SINK, F.INFLATE, F.DEFLATE: 
c 4- a 

endcase 
case op of 

F.ABS. F.NEG. F.SQR. F.FLOAT: 

destprec <- prec 
F.SINK 

destprec «~ INT 
F.INFLATE: 
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destprec «- prec + prec 
F. DEFLATE: 

destprec <- prec 1 2 

endcase 
case round of 

X: 
N: 
T: 
F: 
C: 

NONE: 
endcase 
case destprec of 

16, 32, 64, 128: 

RegWrite(rc. (destprec<64) : 64 : destprec. PackF(destprecc)) 

INT: 

RegWrite(rc. 64. c) 

endcase 
enddef 

Exceptions 

Reserved instruction 
Floating-point arithmetic 
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Group 

These instructions take two operands, perform a group of operations on partitions 
of bits in the operands, and catenate the results together . 



Operation codes 



G.ADD.2 


Group acd pecks 


G.ADD.4 


Group add nibbles 


G.ADD.8 


Group add bvtes 


G.ADD.16 


Group add doublets 


G.ADD.32 


Group add auadlets 


G.ADD.64 


Group add cctlets 


G.AND' 4 


Group and 


G.ANDN 1,6 


Group and not 


G. COMPRESS. 1 


Group compress bits 


G. COMPRESS. 2 


Group compress pecks 


G. COMPRESS. 4 


Group ccmcess nibbles 


G. COMPRESS. 8 


Group ccmcress bytes 


G. COMPRESS. 16 


Group compress doublets 


G.COMPRESS.32 


Group compress quadiets 


G. COMPRESS. 64 


Group compress octlets 


G.DIV64 


Group signed divide octlets 


G. EXPAND. 1 


Group signed expand bits 


G. EXPAND. 2 


Group signed expand pecks 


G. EXPAND. 4 


Group signed expand nibbles 


G. EXPAND. 8 


Group signed expand bytes 


G. EXPAND. 16 


Group signed expand doublets | 


G. EXPAND. 32 


Group signed expand quadiets 1 


G. EXPAND. 64 


Group signed expand octlet 


G. GATHER. 2 


Group gather pecks 


G. GATHER. 4 


Group gather nibbles 


G. GATHER. 8 


Group gather bytes 


G. GATHER. 16 


Group gather doublets 


G. GATHER. 32 


Group gather quadiets 


G. GATHER. 64 


Group gather octlets 


G.GATHER.128 1 6 


Group gathe r hexlets 


G.MUL.1 17 


Group signed multiply bits 


G.MUL2 


Group signed multiply pecks 


G.MUL.4 


Group signec multiply nibbles 


G.MUL.8 


Group signed multiply bytes 



*"*G.AND does not require a si2e specification, and is encoded as G.AND.l. 

15 G.ANDN does not require a size specification, and is encoded as G.ANDN.l. G.ANDN is 

used as the encoding for G.SET.L.l, and bv reversing the operands, for G.SET.UL.i. 

16 G.GATHER.128 is encoded as G. GATHER. I 

l 'G.MUL.l is used as the encoding for G.UMUL.l. 
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G.MUL.16 


Group signed multiply doublets 


G.MUL.32 


Group signed multiply quadlets 


G.MUL.64 


Group signed multiply octlets 


G.NAND 15 


Group nana 


G.NOR 19 


Group nor 


G.OR20 


Group or 


G.ORN2' 


Group or not 


G.POLY.1 


Group polynomial divide bits j 


G.POLY.2 


Group polynomial divide pecks 


G.POLY.4 


Group polynomial divide nibbles 


G.POLY.8 


Group polynomial divide bvtes 


G.POLY.16 


Group polynomial divide doublets i 


G.POLY.32 


Group polynomial divide quadlets I 


G.POLY.64 


Group poivncmial divide octlets 


G.ROTL2 


Group rotate left pecks { 


G.R0TL.4 


Group rotate left nibbles 


G.ROTL.8 


Group rotate left bytes 


G.ROTL.16 


Group rcta:e left doublets 


G.ROTL.32 


Group rotate left quadlets 


G.ROTL.64 


Group rotaie left octlets 


G.ROTL.128 


Group rotate left hexlets 


G.ROTR.2 


Group rotaie right pecks 


G.ROTR.4 


Group rotate right nibbles 


G.ROTR.8 


Group rotate right bytes 


G.ROTR.16 


Group rotate right doublets 


G.ROTR.32 


Group rotate right quadlets 


G.ROTR.64 


Group rotate right octlets 


G.ROTR.128 


Group rotate right hexlets j 


G. SCATTER. 2 


Group scatter pecks 


G. SCATTER. 4 


Group scatter nibbles 


G. SCATTER. 8 


Group scatter bytes 


G. SCATTER. 16 


Group scatter doublets 


G. SCATTER. 32 


Group scatter quadlets 


G. SCATTER. 64 


Group scatter octlets 


G. SCATTER. 128 22 


Group scatter hexlet 


G.SHL.2 


Group shirt left pecks 


G.SHL.4 


Group shift left nibbles ] 


G.SHL.8 


Group shift left bytes 


G.SHL.16 


Group shift left doublets 


G.SHL.32 


Group shift left quadlets 



iS G.NAND does not require a size specification, and is encoded as G.NAND. 1. 
^G.NOR does noc require a size specification, and is encoded as G.NOR. i. 
20 G.OR does not require a size specification, and is encoded as G.OR.l. 

- l G.ORN does not require a size specification, and is encoded as G.ORN.l. G.ORN is used as 
the encoding for G.SET.UGE.I, and bv reversing the operands, for G.SET.GE.l. 
22 G.SCATTER.128 is encoded as G.SCATTER.l 
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G SHI fi4 

v_i . on l.uh 


oroup sniii ieri octiets 


G SHL 128 


ofuup oniii ten. nexiets 


G.SHR.2 


oruup signea snin ngnt pecks 


G SHR 4 

. tjl 111." 


oruup signea sniii ngnt ntDDles 


G SHR a 


ofuup oignbu sniii ngnt oytes 


G SHR 1R 

\«J . Ul III. 1 u 


oroup signea snitt right doublets 


G SHR 32 


uroup signea snin ngnt guadlets 


G SHR 64 


vjroup signea snin ngnt octiets 


G SHR 1?ft 


uroup signea shirt ngnt hexlets 


G 1 1 DIV/ 64 


uroup signea divide octiets 


G U FXPAND 1 


uroup unsigned expand bits 


G 1 i FYPAMn 9 


Group unsigned expand pecks 1 


G 1 1 PYPAMn A 


Group unsigned expand nibbles 


O.U.CArMlNU.O 


Group unsigned expand bytes f 


n 1 1 PYPAMH 1 £ 
La. U. t Ar MINJU. i D 


Group unsicned expand doublets f 


Lj.U. tArANU.o^ 


Group unsicned expand quadlets 1 




Group unsigned expand octlet 


b.U.MUL.2 


Group unsigned multiply pecks 


G.U.MUL4 


Group unsigned multiply nibbles 


II fi At 1 1 O 

G.U.MUL.8 


Group unsigned multiply bytes 


b.U.MUL16 


Group unsigned multiply doublets 


G.U.MUL32 


Group unsigned multiply quadlets 


r* ii ik a i 1 1 a 


Group unsigned multiply octiets 


G.U.onn.2 


Group unsigned shift riqht pecks 


ti nun a 

G.U.SHR.4 


Group unsigned shift right nibbles 


G.U.SHR.8 


Groun iincinnoH chift rioht K\/tA<? 
uiiaiuiitsu oniu riyni uyies 


G.U.SHR.16 


Group unsigned shift right doublets 


G.U.SHR.32 


Group unsianed shift riqht quadlets 


G.U.SHR.64 


Group unsigned shift right octiets 


G.U.SHR.128 


Group unsigned shift right hexlets 


G.XNOR23 


Group exclusive-nor 


G.X0R2" 


Group exclusive-or ~i 



2 *G.XNOR does not require a size specification, and is encoded as G.XNOR.l. G.XXOR is 
used as the encoding for G.SET.E.l. 

24 G.XOR does not require a size specification, and is encoded as G.XOR.l. G.XOR is used as 
the encoding for G.ADD.l, G.SUB.l and G.SET.NE.l. 
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class 


op 


SI7P 1 


linear 


ADD 


c H O IO 0£ o4 


bitwise 


AND ANDN NAND NOR 
OR ORN XNOR XOR 




signed multiply 


MUL 


1 d. 4 o lb j£ b4 


unsigned 
multiply 


U.MUL 


c 4 o lb o4 


signed divide 


DIV 


64 


unsigned 
divide 


U.DIV 


64 




GATHER SCATTER 


2 4 8 16 32 64 


galois field 


POLY 


1 2 4 8 16 32 64 


precision 


COMPRESS EXPAND 
U. EXPAND 


1 2 4 8 16 32 64 


shift 


ROTR ROIL SHR SHL 
U.SHR 


2 4 8 16 32 64 128 



Format 



G. op. size rc=ra,rb 

31 24 23 18 17 12 11 65 0 

I G si2 e I ra 1 rb I rc j ~ 1 

8 6 6 6 6 

Description 

Two values are caken from the contents of registers or register pairs specified bv 
ra and rb. The specified operation is performed, and the result is placed in the 
register or register pair specified by rc. 

A reserved instruction exception occurs if rc 0 is set, and for certain operations, if 
rao or rbo is set. 

Definition 

def Group(op.size,ra,rb,rc) 
case op of 

G.MUL, G.U.MUL G.DIV. G.U.DIV: 

a <- RegRead(ra, 64) 

b <- RegRead(rb. 64) 
G.ADD. G.SUB. G.SET.L. G.SET.UL G.SET.E. G.SET.NE. G.SET GE G SET UGE 
G.AND, G.OR. G.XOR. G.ANDN. G.NAND, G.NOR, G XNOR G ORN 
G. GATHER. G. SCATTER: 

a f- RegRead(ra. 128) 

b <- RegRe3d(rb. 128) 
G. COMPRESS. G.ROTL. G ROTR. G.SHL. G.SHR. G.U.SHR, G.POLY: 

a RegRead(ra. 128) 

b <- RegRead(rb. 64) 
G. EXPAND. G.U. EXPAND: 

a 4- RegRead(ra. 64) 
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b <- RegRead(rb. 64) 

endcase 
case op of 
G.ADD: 

for i «-0 to 128-size by sizs 

c i+SiZ9-1..i «- assize- :..i + &i+size-1..i 

endfor 
G.MUL: 

for i <— 0 to 64-size by size 

C2-{i + size)-i..2-i Ma S ;z5.i si2e II a^uLi) * (b si2e -i s ^ II b si2e -ui i) 
endfor 
GU.MUL: 

for i <- 0 to 64-size by size 

C2'(i + si2fiM..2-i <-(0 si25 || ajiza-uLi) ' [Q* ZQ II b size .ui \) 
endfor 
G.DIV: 

if (b = 0) or { (a = (IIIO 6 ^)) and (b = 16*) ) then 
c 4- undefined 

elS6 

q <- a lb 
rn a - q'b 

C «- r 63 .. 0 H Q63..0 

endif 
G.U.DIV: 

if b = 0 then 

c <r- undefined 

else 

q<-(OII a)/(0 II b) 

r <- a - q*b 

c «- '63.. 0 II q 63 o 

endif 
G.AND: 

c <- a and b 
G.OR: 

c <- a or b 
G.XOR: 

c «- a xor b: 
G.ANDN: 

c «~ a and not b 
G.NAND: 

c <- not (a and b) 
G.NOR: 

c <- not (a or b) 
G.XNOR: 

c <- not (a xor b) 
G.ORN: 

c a or not b 
G.POLY: 

P[0] *- a 

for i <- 1 to size 

p[i] *- (p[i-1J 0 ? (0 64 II b) : 0 128 ) xor (p[i-1] 0 II p[i-1]i27..l) 

endfor 

c <^ pfsize] 
G.GATHER: 

for k 0 to 128-size by size 

for i 4- k to k+size-1 by 1 
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it a, then 
Cj <-bj 
+ 1 

gndif 
endfor 
j +- k+size-1 

for i <- k+size-1 to k by -1 
If -a, then 
Cj <- bj 

endif 
endfor 
endfor 
G. SCATTER: 

for k «- 0 to 128-size by size 
i«-k 

for j k to k+size-1 by 1 
if aj then 

c, <- bj 

j «- j + 1 

endif 
endfor 
j <- k+size-1 

for i k+size-1 to k by -1 
if -aj then 
cj «- bj 

j 4-j-l 

endif 
endfor 
endfor 
G. COMPRESS: 

for i +- 0 to 64-size by size 

Ci+ S i Z e-i.j «- a i^i^siz£-:-(b&(5Jze-i))..i^i+{b&(size-l)) 
endfor 
G. EXPAND: 

for i +- 0 to 64-size by size 

Ci.,Vsize+size-1..M - a^^^^H a,^.^^™ " 
endfor 
G.U.EXPAND: 

for i +- 0 to 64-size by size 

q.i.size+size-1 ..i+i «- 0 si2a ^ b&(size II ai+stzs -ij » 0 b&(s,2e * 
endfor 
G.ROTL: 

for i «- 0 to 128-size by size 

c i+size-i. j «~ a»+size-i-(b&(size-i)).j H ai+size-i..i+size-i-{b&(size-:)) 
endfor 
G.ROTR: 

for i <— 0 to 128-size by size 

Ci+size-i..i <- ai+(b&(siz9-i))-i.j II ai+size-i..ir(b&{size-i)) 
endfor 
G.SHL: 

for i +- 0 to 128-size by size 

Ci+size-1..i «- ai+size-1-(b&(sizs-1))..i " 0 b& ( size - 1 > 
endfor 
G.SHR: 
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for i <- 0 to 128- size by size 

Ci + sfee-l..i «- ai + size-i b&(5ize - 1) H a i+S i 2e -i. j+<b&(size-i)) 
endfor 
G.U.SHR: 

for i <- 0 (o 128-size by size 

Ci.size.u 0W(siM-i)„ ai +steft .ij*(b&(8ize.i)) 
endfor 

endcase 
case op of 

G.ADD. G.MUL G.UMUL G.DIV. G.UDIV: 

G.AND, G.OR. G.XOR. G.ANDN, G.NAND. G.NOR G XNOR G ORN 
G. EXPAND G.U.EXPAND, G.SHL G.SHR. G.U.SHR 
G.GATHER, G. SCATTER. G.POLY: 

RegWrite(rc. 128, c) 
G. COMPRESS: 

RegWrite(rc. 64. c) 

endcase 
enddef 

Exceptions 
Reserved Instruction 
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Group Extract Immediate 

These operations perform calculations with two general register pair values and a 
small immediate field, placing the result in a third general register pair. 



Oceration codes 



G. EXTRACT. 1.1 


Group signeo extract immediate bits 


G. EXTRACT. 1. 2 


Group signer extract immediate pecks 


G. EXTRACT. 1. 4 


Group signed extract immediate nibbles 


G. EXTRACT. 1. 8 


Group signed extract immediate bytes 


G. EXTRACT. 1. 16 


Group signed extract immediate doublets 


G. EXTRACT. 1. 32 


Group signeo extract immediate quadlets 


G. EXTRACT. 1. 64 


Group signed extract immediate octlets 


G.EXTRACT.L128 


Group signed extract immediate hexlet 


G.UEXTRACT.U 


Group unsigned extract immediate bits 


G.UEXTRACT.I.2 


Group unsigned extract immediate pecks 


G.UEXTRACT.L4 


Group unsigned extract immediate nibbles 


G.UEXTRACT.I.8 


Group unsigned extract immediate bytes 


G.UEXTRACT.1.16 


Group unsigned extract immediate doublets ] 


G.UEXTRACT.I.32 


Group unsigned extract immediate quadlets 


G.UEXTRACT.I.64 


Group unsigned extract immediate octlets 


G.UEXTRACT.1.128 


Group unsigned extract immediate hexlet 



Format 



G.EXTRACT.I.size rc=ra,rb,shift 

3J 24 23 18 17 12 11 65 0 

I OP I ra I rb | rc | ishiftal 
8 6 6 6 6 

Description 

The contents of registers pairs specified by ra, and rb are fetched. The specified 
operation is performed on these operands. The result is placed into the register 
pair specified by rc. 

Definition 

def GroupExtractlmmediatefop.ra.rb.rc.ishifta) as 
a «- RegReadfra. 128) 
b <- RegReadfrb, 128) 
ab *- a II b 

opimm <-op2..o II ishifta 
case opimm of 
0..2: 

raise Reservedlnstruction 

3. .5: 

size <- 1 
6.. 11: 
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size <- 2 
12..23: 

size <— 4 
24..47: 

size *- 8 
48.. 95: 

size <- 16 
96.. 191: 

size <-* 32 
192..383: 

size <- 64 
384. .511: 

size <- 128 

endcase 

shift opimmg o & (size+size-1) 
if shift > size then 

sex «- (opimm & (size+size)) * 0 

if sex then 

for i <- 0 to 128-size by size 

Ci4.si29-i.-i «- ^iVz^-Size-i 11 ab '+^si2e+siz9-i..i*i+shift 
endfor 

else 

for i «- 0 to 128-size by size 

Ci* S iM-i..i ^0 sh, ^25i, ab i+ i +3 : 2e+S i 29 . 1J+l+shift • 
endfor 

endif 

else 

for i <- 0 to 128-size by size 

c i«-Size-1..i «~ at)i+i+shift^s:25-1 ..m+shift 
endfor 

endif 

RegWrite(rc. 123. c) 
enddef 

Exceptions 
Reserved instruction 
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Group Field Immediate 

These operations perform calculations with one or two general register values and 
two immediate values, placing the result in a general register. 



Operation codes 



G.DEP.I 


Group deposit immediate 


G.MDEP.I 


Group merge deposit immediate 


G.UDEP.I 


Group unsigned deposit immediate 


G.UWTH.I 


Group unsigned withdraw immediate 


G.WTH.I 


Group withdraw immediate 


Format 




op. size rb=ra.ishift.isize 

, J1 24 23 18 IT 12 11 6 5 n 


1 op | 


ra | rb | ishifta | isizea | 


8 


6 6 6 6 


Descriotion 





The contents of register ra, and if specified, the contents of register rb is fetched, 
and 6-bit immediate values are taken from the 6-bit ishifta and isizea fields. The 
specified operation is performed on these operands. The result is placed into 
register rb. 

Definition 

def GroupFieldlmmediate(op,ra.rb.ishiftajsizea) as 
a <- RegRead(ra. 64) 
case (ishifta & isizea) of 
0..31: 

size <r- 64 
32..47: 

size +- 32 
48. .55: 

size <- 16 
55. .59: 

size «- 8 
60..61: 

size «~ * 

62: 

size <- 2 

63: 

size <- 1 

endcase 

ishift «- ishifta & (size-i) 
isize <- (isizea & (size-l))+1 
if (ishift+isize>size) 

raise Reservedlnstruction 

endif 
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case op of 
G.DEPI: 



for i <- 0 to 128- size by size 




" ai +iS ize-i..i » 0 ishlfl 



endfor 
G.UDEPI: 

for i 0 to 128-size by size 

bi+si».l..i <~ OS^e-isize-ishift „ A || Qishift 

endfor 
G.MDEPI: 

m RegRead(rb, 128) 

for i «- 0 to 128-size by size 

bi+size-1..i «- m i+siZ9-1..i+isiZ3+iShift " ai+isize-1..i H m i-nshift-1..i 

endfor 
G.WTHI: 

for i «- 0 to 128-size by size 



endfor 
endcase 

RegWrite(rb. 128, b) 
enddef 

Exceptions 
Reserved instruction 




ze-isize ,, Q 

•isize -Mshift -1 a '^sizs+ishift-i..i+ishift 



endfor 
G.UWTHl: 

for i <— 0 to 128-size by size 

b» + size-i..i «- 0 s,ze * ,s,ze II a, T i S i Z9+ishi f M ..i + ishifi 
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Group InolacG 

These operations perform calculations with three general register values, niacin* 
the result in the third general register. 

Operation cnd&x 



G.MSHR.2 


Group merge shift riant pecks 


G.MShR.4 


Group merge shift riant nibbles 


G.MSHR.8 


Group merge shift right bytes 


G.MSHR.16 


Group merge shift riqht doublets 


G.MSHR.32 


Group merge shift right quadlets 


G.MSHR.64 


Group merge shift right octlets 


G.MSHR.128 


Group merge shift riqht hexlets 



Format 

G.MSHR.size rc=ra,rb,rc 

24 23 18 17 12 11 6 5 Q 

I G - Si *e I ra | rb I rc I — I 

8 *~6 6 § 6 

Description 

The contents of register pairs specified by ra and rc and register rb are fetched. 
The specified operation is performed on these operands. The result is placed into 
the register pair specified by rc. 

A reserved instruction exception occurs if rao or rco is set. 

Definition 

def GroupTernarylnplace(op.ra.rb,rc) as 
a <- RegRead(ra. 128) 
b 4- RegRead(rb. 64) 
c *- RegRead(rc. 128) 
case op of 

G.MSHR; 

for i <- 0 to 128-size by size 

d i+size-1..i «- c i+size-1..i+i<hSize-Hb&(size-i)) II ai+ S j 2 e-i..i + (t>&(sizs-l)) 
endfor 

endcase 

RegWrite(rc. 128. d) 
enddef 

Exceptions 
Reserved Instruction 
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Group Reversed 

These operations take two values from a pair of registers, perform operations on 
groups of bits in the operands, and place the concatenated results in a register. 



Cceratco codes 



G.SET.E.2 


Group set equal oecks 


G.SET.E.4 


Group set equal nibbles 


G.SET.E.8 


Group set equal bytes 


G.SET.E.16 


Group set eouai doublets 


G.SET.E.32 


Group set equal quadlets 


G.SET.E.64 


Group set eoual octlets 


G.SET.GE.2 


Group set signed greater or equal pecks 


G.SET.GE.4 


Group set signed greater or eoual nibbles 


G.SET.GE.8 


Group set signed greater or equal bytes 


G.SET.GE.16 


Group set signed qreater or equal doublets 


G.SET.GE.32 


Group set signed greater or equal quadlets 


G.SET.GE.64 


Group set signed greater or equal octlets j 


G.SET.L.2 


Group set signed less pecks 


G.SET.L.4 


Group set signed less nibbles 


G.SET.L.8 


Group set signed less bytes 


G.SET.L16 


Group set signed less doublets 


G.SET.L.32 


Group set signed less quadlets 


G.SET.L.64 


Group set signed less octlets j 


G.SET.NE.2 


Group set not equal pecks 


G.SET.NE.4 


Group set not equal nibbles 


G.SET.NE.8 


Group set not equal bytes 


G.SET.NE.16 


Group set net equal doublets 


G.SET.NE.32 


Group set not equal quadlets 


G.SET.NE.64 


Group set not equal octlets 


G.SET.UGE.2 


Group set unsigned greater or equal pecks 


G.SET.UGE.4 


Group set unsiqned greater or equal nibbles 


G.SET.UGE.8 


Group set unsigned greater or equal bytes 


G.SET.UGE.16 


Group set unsigned greater or equal doublets | 


G.SET.UGE.32 


Group set unsigned greater or equal quadlets 


G.SET.UGE.64 


Group set unsigned greater or equal octlets 


G.SET.UL2 


Group set unsigned less pecks 


G.SET.UL4 


Group set unsigned less nibbles 


GSET.UL8 


Group set unsigned less bytes j 


G.SET.UL.16 


Group set unsigned less doublet's 


G.SET.UL32 


Group set unsigned less quadlets 


G.SET.UL64 


Group set unsigned less octlets 


G.SUB.2 


Group subtract pecks [ 


G.SUB.4 


Group subtract nibbles j 


G.SUB.8 


GrouD subtract bytes 
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G.SUB.16 


Group subtract doublets 


G.SUB.32 


Group subtract quadlets 


G.SUB.64 


Group subtract octlets 



class 


op 


size 


linear 


SUB 


2 4 


8 


16 


32 


64 


boolean 


SET.E SET.L SET.GE 
SET.NE SET.UL SET.UGE 


2 4 


8 


16 


32 


64 


Format 














G. op. size 

31 


rc=rb,ra 

24 23 18 17 12 11 


6 ! 


5 




0 




| G.size 


| ra | rb | 


- I 




op 




I 


8 


6 6 


6 




6 







Description 

Two values are taken from the contents of registers ra and rb. The specified 
operation is performed, and the result is placed in register rc. 

Definition 

def GroupReversed(cp,size.ra,rb.rc) 
a <- RegRead(ra. 128) 
b <- RegRead(rb. 128) 
case op of 
G.SUB: 

for i «- 0 to 128-size by size 

c i+SiZ9-1..i «~ bi+SiZ9-1J * &i*SiZe-1 ..i 

endfor 
G. SET.L: 

for i <— 0 to 128-size by size 

Ci*size-i..i <- (bj +size -i.j < aj +Sl2e -i..i) s * 2e 
endfor 
G.SET.UL: 

for i <- 0 to 128-size by size 

Ci + size-1..i «- (° 11 b+size-L.i K 0 11 ai+ S ize-i..i) SJZe 
endfor 
G. SET.E: 

for i <- 0 to 128-size by size 

Ci+size-1..i <~ (t>i+size-1..i - a i+size-1..i) size 
endfor 
G. SET.NE: 

for i 0 to 128-size by size 

Ci-f size-L.i *- (^i-r-size-i. i * ai+size-l..i) s,ze 
endfor 
G. SET.GE: 

for i <— 0 to 128-size by size 

Ci+size-i..i «- (bi+size-L.i ^ aj + S ize-i..i) s,2e 
endfor 
G. SET.UGE: 
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for i <r- 0 to 128-size by size 

Ci+size-1..i «- (0 II bi +3 i 2S .i..i > 0 II a^^size.T j)Size 
endfor 

endcase 

RegWrite(rc. 128. c) 
enddef 

Exceptions 
Reserved Instruction 
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Group Short Immediate 

These operations take operands from a pair of registers, perform operations on 
groups ot bits in the operands, and place the concatenated results in a register or 
pair of registers. 



Operation pedes 



G.COMPRESS.1.1 


Group compress immediate bits 


G.COMPRESS.I.2 


Group compress immediate pecks 


G. COMPRESS. 1. 4 


Group compress immediate nibbles 


G.COMPRESS.I.8 


Uroup comoress immediate bytes 


G.COMPRESS.1.16 


Group compress immediate doublets 


G. COMPRESS. 1. 32 


Group compress immediate quadlets 


G. COMPRESS. 1. 64 


Group compress immediate octlet 


G.EXPAND.1.1 


Group signeo expand immediate bits 


G. EXPAND. 1. 2 


Group signeo expand immediate pecks f 


G. EXPAND. 1. 4 


Group signed expand immediate nibbles 


G. EXPAND. 1. 8 


Group signed expand immediate bytes 


G.EXPAND.1.16 


Group signed expand immediate doublets f 


G. EXPAND. 1. 32 


Group signeo expand immediate quadlets 


G. EXPAND. 1. 64 


Group signed expand immediate octlet 


G.ROTR.I.2 


Group rotate right immediate pecks 


G.ROTR.I.4 


Group rotate right immediate nibbles 


G.ROTR.I.8 


Group rotate right immediate bytes 


G.ROTR.1.16 


Group rotate right immediate doublets 


G.ROTR.I.32 


Group rotate right immediate quadlets 


G.ROTR.I.64 


Group rotate right immediate octlets 


G.ROTR.1.128 


Group rotate right immediate hexlets 


G.SHL.I.2 


Group shift left immediate pecks 


G.SHL.I.4 


Group shift left immediate nibbles 


G.SHL.I.8 


Group shift left immediate bytes 


G.SHL.1.16 


Group shift left immediate doublets 


G.SHL.I.32 


Group shift left immediate quadlets 


G.SHL.I.64 


Group shift left immediate octlets 


G. SHU. 128 


Group shift left immediate hexlets 


G.SHR.I.2 


Group signed shift right immediate pecks 


G.SHR.I.4 


Group signed shift right immediate nibbles 


G.SHR.I.8 


Group signed shift right immediate bytes 


G.SHR.1.16 


Group signed shift right immediate doublets 


G.SHR.I.32 


Group signed shift right immediate quadlets 


G.SHR.I.64 


Group signed shift right immediate octlets i 


G.SHR.1.128 


Group signed shift right immediate hexlets 


G. SHUFFLE. I 


Group shuffle immediate I 


G. SHUFFLE. 1. 4MUX 


Group shuffle immediate and 4-way multiplex | 


G.U.EXPAND.1.1 


Group unsigned expand immediate bits 
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G.U.EXPAND.I.2 


Group unsigned expand immediate pecks 


G.U.EXPAND.I.4 


Group unsigned expand immediate nibbles 


G.U.EXPAND.I.8 


Group unsigned expand immediate bytes 


G.U.EXPAND.1.16 


Group unsigned expand immediate doublets 


G.U.EXPAND.1.32 


Group unsigned expand immediate quadlets 


G.U.EXPAND.1.64 


Group unsigned expand immediate octlet 


G.U.SHR.1.2 


Group unsigned shift right immediate pecks 


1 1 QUID 1 A 


Group unsigned shift right immediate nibbles 


G.U.SHR.1.8 


Group unsianed shift right immediate bytes I 


G.U.SHR.1.16 


Group unsigned shift right immediate doublets 


G.U.SHR.I.32 


Group unsigned shift right immediate quadlets 


G.U.SHR.I.64 


Group unsigned shift right immediate octlets 


G.U.SHR.1.128 


Group unsigned shift right immediate hexlets 



class 


Op 


size 


precision 


COMPRESS. 


EXPAND.! 
U.EXPAND.I 


1 2 4 8 16 


32 


64 


shift 


ROTR.I 
SHR.I 


SHLI 
U.SHR.I 


2 4 8 16 


32 


64 128 


Format 












G.op.size 


rb=ra,simm 










31 


24 23 


18 17 12 11 6 5 




0 


I G.size 


I ra 


I rb J 


simm | 




op 1 


8 


6 


6 


6 




6 



Description 

A 128-bit value is taken from the contents of the register pair specified by ra. The 
second operand is taken from simm. The specified operation is performed, and the 
result is placed in the register pair specified by rb. 

This instruction is undefined and causes a reserved instruction exception if the 
simm field is greater or equal to the size specified. 

Definition 

def GroupShortlmmediate(op.size.rlrb.simm) 
case op of 

G. COMPRESS. I. G.U.COMPRESS.I: 
a <- RegRead(ra. 128) 
if simm>size then 

raise Reservedlnstruction 

endif 

G.ROTR.I. G.SHU. G. SHR.I, G. U.SHR.I; 
a <- RegRead(ra. 128) 
shift <- opo II simm 
if shift>size then 
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raise Reservedinstruction 

endif 

G.EXPAND.I. G.U.EXPAND.I: 
a <- RegRead(ra. 64) 
shift <- opo II simm 
if shift>size+size then 

raise Reservedinstruction 

endif 

endcase 
case op of 

G.COMPRESS.I: 

for i 0 to 64-size by size 

bj+sjze-L.i «" a i+i+siZ9-U3imm..i-»-i+stmm 
endfor 
G.EXPAND.I: 

for i <— 0 to 64-size by size 

bi.i +S j 28+ si 2 e-l..i + i *- a^I*? »" a+size -i.j '« 0 5hitt 
endfor 
G.U.EXPAND.I: 

for i <- 0 to 64-size by size 

bi +l - + to + $i 29 .i..i + i «- o 5ize " shift »a + sza-ii 11 0 5hift 
endfor 
G.SHLI: 

for i <- 0 to 128-size by size 

bi+ S i29-i..i «- ai+size-vshiftjH 0 sn,tt 
endfor 
G.SHR.I: 

for i <- 0 to 128-size by size 

h- A *— « shift ii 

Di+siz9-i..i «- aj +size _ t » ai+size-U+shift 

endfor 

G.U.SHR.I: 

for i <- 0 to 128-size by size 

bj+size-U *- 0 sh,f! ' ! ai*size-i.j+shift 
endfor 

endcase 
case op of 

G.EXPAND.I. G.U.EXPAND.I. G.SHL I. G.SHR.I, G.U.SHR.I: 

RegWrite(rb, 128. b) 
G.COMPRESS.I: 

RegWrite(rb, 64, b) 

endcase 
enddef 

Exceptions 
Reserved Instruction 
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Group Short Immediate Innlaoe 

These operations take operands from two register pairs, perform operations on 
groups of bits in the operands, and place the concatenated results in the second 
register pair. 



Operation codes 



G.MSHR.I.2 


Group merge shift right immediate pecks 


G.MSHR.I.4 


Group merge shift right immediate nibbles 


G.MSHR.I.8 


Group merge shift right immediate bytes 


G.MSHR.1.16 


Group merge shift right immediate doublets 


G.MSHR.I.32 


Group merge shift right immediate quadlets 


G.MSHR.I.64 


Group merge shift right immediate octlets 


G.MSHR.1.128 


Group merge shift right immediate hexlets 



Format 



G.op.size rb=ra,simm 

3 1 24 23 18 17 12 11 65 0 

| G.size | ra | rfa | simm | Sp I 
8 6 6 6 6 

Description 

Two 128-bit values are taken from the contents of the register pairs specified by ra 
and rb. A third operand is taken from simm. The specified operation is performed, 
and the result is placed in the register pair specified by rb. 

This instruction is undefined and causes a reserved instruction exception if the 
simm field is greater or equal to the size specified. 

Definition 

def GroupShortlmmediatelnplace(op.size.ra.rb,simm) 
a «- RegRead(ra, 128) 
b <- RegRead(rb. 128) 
shift <- opo II simm 
if shift>size then 

raise Reservedinstruction 

endif 
endcase 
case op of 

G.MSHR.I: 

for i <- 0 to 128-size by size 

Cj+size-L.i <- bi+size-tj+size-1-shift " ai+size -U+shift 
endfor 

endcase 

RegWrite(rb, 128, c) 
enddef 
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Group Shuffle immediate 

These operations take operands from a pair of registers, perform operations on 
groups of bits in the operands, and place the concatenated results in a register or 
pair of registers. 



Operation codes 



G.SHUFFLE.I 


Group shuffle immediate 


G. SHUFFLE. 1. 4MUX 


Group shuffle immediate and 4-way multiplex 



Format 

op.a.b.c rc=ra,rb 

31 24 23 13 17 12 11 65 0 

I OP 1 ra I rb I rc 1 simm | 

8 6 6 6 6 



Description 

A 128-bit value is taken from the contents of the register pair specified by ra. The 
second operand is taken from simm. The specified operation is performed, and the 
result is placed in the register pair specified by rc. 

This instruction is undefined and causes a reserved instruction exception if the 
simm field is greater or equal to the size specified. 

Definitipn 

def GroupShuffielmmediate(op.ra.rb.rc.simm) 
case op of 

G.SHUFFLE.I: 

a <- RegRead(ra, 64) 
b <- RegRead(rb. 64) 
G. SHUFFLE.!. 4MUX: 

a <- RegRead(ra. 128) 
b 4- RegRead(rb, 128) 

endcase 

if simm>size then 

raise Reservedlnstruction 

endif 

case op of 

G.SHUFFLE.I: 
ab a II b 
case simm of 
0: 

c <- ab 

1..56: 

for x <- 0 to 7: for y «- 0 to x-1 : for z <- 1 to x-y 

if simm = ((x'x*x-3*x"x-4*x)/6-(z'z-z)/2+x'z+y+1) then 
for i <- 0 to 127 
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C| ('6..x " V-z-ty 11 'a-T.y-i 11 'y-1..o) 

end 

endif 

endfor; endfor: endfor 
57. .255: 

raise Reservedlnstruction 

endcase 
G. SHUFFLE. I.4MUX: 
case simm of 
0: 

t<- a 

1.56: 

for x 0 to 7; for y *- 0 to x-1 ; for z <- 1 to x-y 

if simm =: ((x w x'x-3'x*x-4-x)/6-(z'z-z)/2+x"z+y+1) then 
for j <- 0 to 127 

end 

endif 

endfor: endfor: endfor 
57. .255: 

raise Reservedlnstruction 

endcase 

for i «- 0 to 127 

endfor 

endcase 

RegWrite(rc, 128. c) 
enddef 

Exceptions 
Reserved Instruction 
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Group Swizzle Immediate 

These operations perform calculations with a general register or register pair 
value and two immediate values, placing the result in a general register pair. 



Ooeraticn codes 



G.SWIZZLE.I 


Group swizzle immediate 


G.SWI22LE.I.COPY 


Group swizzle immediate with copy 


G.SWIZZLE.I.SWAP 


Group swizzle immediate with swap 



Format 



op rb=ra,icopy,iswap 

31 24 23 18 17 12 11 6 5 0 

1 OP 1 ra | rb 1 icopya | iswapa I 

8 6 6 6 6 

Description 

The contents of register ra, or if specified, the contents of the register pair 
specified by ra is fetched, and 6-bit immediate values are taken from the 6-bit 
icopya and iswapa fields. The specified operation is performed on these operands. 
The result is placed into the register pair specified by rb. 

Definition 

def GroupSwizzle(op,ra,rb.icopya.iswapa) as 
case op of 

G SWIZZLE. I: 

a <- RegRead(ra. 128) 

icopy < — 0 II icopya 

iswap < — 0 II iswapa 
G . SWIZZLE. I .COPY : 

a <- 0 64 II RegRead(ra, 64) 

icopy *- 1 II icopya 

iswap < — 0 II iswapa 
G.SWIZZLE.I.SWAP: 

a <- RegRead(ra, 128) 

icopy 1 II icopya 

iswap <- 1 II iswapa 

endcase 

for i 4- 0 to 1 27 

bj «- a(i & icopy) A iswap 
endfor 

RegWrite(rb, 128. b) 
enddef 

Exception? 
Reserved instruction 
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Group Ternary 

These operations perform calculations with three general register values, placing 
the result in a fourth general register. 



Operation corte.q 



G.8MUX 


Group 8-way multiplex 


G.EXTRACT.128 


Group extract hexlet 


G.MULADD.1 25 


Group signed multiply bits and add pecks 


G.MULADD.2 


Group signed multiply pecks and add nibbles 


G.MULADD.4 


Group signed multiply nibbles and add bytes 


G.MULADD.8 


Group signed multiply bytes and add doublets 


G.MULADD.16 


Group signed multiply doublets and add quadlets 


G.MULADD.32 


Group signed multiply quadlets and add octlets 


G.MULADD.64 


Group signed multiply octlets and add hexlets 


G.MUX 


Group muUiDlex 


G. SELECT. 6 


Group select bytes 


G.TRANSPOSE.8MUX 


Group transcose and 8-way multiplex 


G.U.MULADD.2 


Group unsigned multiply pecks and add nibbles 


G.U.MULADD.4 


Group unsigned multiply nibbles and add bytes 


G.U.MULADD.8 


Group unsigned multiply bytes and add doublets 


G.U.MULADD.16 


Group unsigned multiply doublets and add quadlets 


G.U.MULADD.32 


Group unsigned multiply quadlets and add octlets 


G.U.MULADD.64 


Group unsigned multiply octlets and add hexlets 



class 


op 


size 


extract 


EXTRACT 


12S 


signed multiply 
and add 


MULADD 


1 2 4 8 16 32 64 


unsigned 
multiply and 
add 


U.MULADD 


2 4 8 16 32 64 


multiplex 


8MUX 

TRANSPOSE. 8MUX 


NONE 


select 


SELECT ~~ 


8 



Format 

G. op. size rd=ra,rb,rc 

3J 24 23 18 17 12 11 6 5 0 

| op. size | ra 1 rb | rc | rd 

8 6 6 6 6 



25 G.MULADD.l is used as the encoding for G.UMULADD.l. 
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Descriptor} 

The contents of registers or register pairs specified by ra, rb, and re are fetched. 
The specified operation is performed on these operands. The result is placed into 
the register pair specified by rd. 

DsSnition 

def GroupTernary(bp.size.ra.rb.rc.rd) as 
case op of 
G.MUX: 

a <- RegRead(ra, 128) 

b <- RegRead(rb. 128) 

c <- RegRead(rc. 128) 
G. EXTRACT. G.8MUX. G.TRANSPOSE.8MUX: 

a «- RegRead(ra. 128) 

b <r- RegRead(rb, 128) 

c <- RegRead(rc. 64) 
G.MULADD: 
G.U.MULADD: 

a *~ RegRead(ra. 64) 

b <- RegRead(rb. 64) 

c *- RegRead(rc. 128) 
G. SELECT: 

a <— RegRead(ra. 64) 

b <- RegRead(rb. 64) 

c *- RegRead(rc. 64) 

endcase 
case op of 
G.MUX: 

d «- (b and a) or (c andnot a) 
G.8MUX: 

for i <- 0 to 127 

di ^6.3 ■ c, d63 ll b^a^ ■ b,& 63 ) 
endfor 
G. TRANSPOSE. 8MUX: 
for i <- 0 to 127 

tj <~ ^k..** '2..0 ■ '5..3) 

endfor 

for i <- 0 to 127 

di «~ ^6. 3 » c, &63 II b ((iS3) ^ II b 1&63 ) 
endfor 
G. EXTRACT: 

d <- (a II b)( C &i27Kl27..(c&127) 
G.MULADD: 

for i «- 0 to 64-size by size 

d2'(i+size)-l..2-i <- C2-(i+size)-1..2*i + 

(a S .ze-i s,ze » asize-1+i..i) ' (b S ize-i s,2e » b si2 e-uu) 

endfor 
G.U.MULADD: 

for i <- 0 to 64-size by size 

C2'(i*size)-1..2-i <- C2-(i4.size)-1..2*i + 

(0 si2e II a si2e -, + u r(0*ze II b S i Z e-i + i..i) 

endfor 
G. SELECT: 
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ab 4- a II b 
for i *- 0 to 15 

J <- C4-i+3..4'i 

c 8*i+7..8*i *~ ab 8 'j^7..8-j 
endfor 

endcase 

RegWrite(rd. 128. d) 
enddef 

Exceptions 
Reserved instruction 
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Group Floating-point 

These operations take two values from registers, perform floating-point arithmetic 
on groups of bits in the operands, and place the concatenated results in a register. 



Operation codes 



GF.ADD.16 


Group floating-point add half 


GF.ADD.16.C 


Group floating-point add half ceilinq 


GF.ADD.16.F 


Group floating-point add half floor 


GF.ADD.16.N 


Group floating-point add half nearest 


GF.ADD.16.T 


Group floating-point add half truncate 


GF. ADD. 16.X 


Grouo floating-point add half exact 


GF.ADD.32 


Group floating-point add single 


GF.ADD.32.C 


Group floating-point add single ceilinq 


GF.ADD.32.F 


Group floating-point add sinale floor 


GF.ADD.32.N 


uroup floating-point add single nearest 


GF.ADD.32.T 


Group floating-point add single truncate 


GF. ADD. 32.X 


Grouo floating-point add single exact 


GF.ADD.64 


Group floating-point add double 


GF.ADD.64 .C 


Group floating-point add double ceiling 


GF.ADD.64 .F 


Group floating-point add double floor 


GF.ADD.64 N 


Group floating-point add double nearest 


GF.ADD.64 .T 


Group floating-point add double truncate 


GF.ADD.64 X 


Group floating-point add double exact 


GF.DIV.16 


Group floating-point divide half 


GF.DIV.16.C 


Group floating-point divide half ceiling 


GF.DIV.16. F 


Group floating-point divide half floor 


GF.DIV.16.N 


Group floating-point divide half nearest 


GF.DIV.16.T 


Group floating-point divide half truncate 


GF.DIV.16.X 


Group .floating-point divide half exact 


GF.DIV.32 


Group floating-point divide single 


GF.DIV.32.C 


Group floating-point divide single ceilina 


GF.DIV.32.F 


Group floating-point divide single floor 


GF.DIV.32.N 


Group floating-point divide single nearest 


GF.DIV.32.T 


Group floating-point divide single truncate 


GF.DIV.32.X 


Group floating-point divide single exact 


GF.DIV.64 


Group floating-point divide double 


GF.DIV.64.C 


Group floating-point divide double ceiling 


GF.DIV.64. F 


Group floating-point divide double floor 


GF.DIV.64.N 


Group floating-point divide double nearest 


GF.DIV.64.T 


Group floating-point divide double truncate 


GF.DIV.64.X 


Group floating-point divide double exact 


GF.MUL.16 


Group floating-point multiply half 


GF.MUL.16.C 


Group floating-point multiply half ceilinq 


GF.MUL.16.F 


Group floating-point multiply half floor 
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Gr.MUL. 16.N 


Group floating-point multiply hair nearest 


rr \ At ii -i o T 

br.MUL.lD.T 


Group floating-point multiply half truncate 


GF.MUL.16.X 


Group floating-point multiply half exact 


Gr.MUL.32 


Group floating-point multioly single 


GF.MUL.32.C 


Group floating-point multiply sinqte ceiling 


bF.MUL32.F 


Group floating-point multiply sinale floor 


br.MUL.32.N 


Group floating-point multiply single nearest 


Gr.MUL.32.T 


Grouo floating-point multiply single truncate 


GF.MUL.32.X 


Group floating-point multiply single exact 


ftF Ml 11 fid 

\jr . ivjvjL.ut 


vjiuup Noauny-puini muiupiy QOUDie 


GF.MUL64.C 


Group floating-point multiply double ceiling 


GF.MUL64.F 


Group floating-point multiply double floor 


GF.MUL.64.N 


Group floating-point multiply double nearest 


GF.MUL64.T 


Group floating-point multiply double truncate 


GF.MUL64.X 


Group floating-point multiply double exact 





op 


prec 


round/trap 


add 


ADD 


16 32 64 128 


none C F N T X 


divide 


DIV 


16 32 64 128 


none C F N T X 


multioly 


MUL 


16 32 64 128 


none C F N T X 



Format 

GF.op.prec. round rc=ra,rb 

31 24 23 18 17 12 11 6 5 0 

| GF.prec | ra | rb | rc | op.round | 

8 6 6 6.6 



Description 

The contents of registers ra and rb are combined using the specified floaring-point 
operation. The result is placed in register rc. The operation is rounded using the 
specified rounding option or using round-to-nearest if not specified. If a rounding 
option is specified, the operation raises a floating-point exception if a floating point 
invalid operation, divide by zero, overflow, or underflow occurs, or when specified, 
if the result is inexact. If a rounding option is not specified, floating-point 
exceptions are not raised, and are handled according to the default rules of IEEE: 
754. 

Definition 

def GroupFloatingPoint(op.prec.round.ra.rb.rc) as 
a «~ RegRead(ra. 128) 
b <- RegRead(rb. 128) 
for i <- 0 to 128-prec by prec 

ai <- Ftpreca^prec-i.j) 

bi <- F(prec.Oj«.prec-i..i) 

if round*NONE then 
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if isSignallingNaN(ai) I isSignallingNaN(bi) 
raise FloatingPointException 

endif 

case op of 
F.DIV: 

if bi=0 then 

raise FloatingPointArithmetic 

endif 
. others: 
endcase 

endif 

case op of 
GF.ADD: 

ci «- ai+bi 
GF.MUL: 

ci «- ai'bi 
GF.DIV.: 

Ci ai/bi 

endcase 
case op of 

GF.ADD. GF.MUL GF.DIV: 

Ci+prec-U «- PackF(pr5C. ci) 

endcase 
endfor 
endcase 
case round of 

X: 
N: 
T: 
F: 
C: 

NONE: 
endcase 
if rco then 

raise Reservedlnstruction 

endif 

RegWrite(rc. 128. c) 
endcase 
enddef 

Exceptions 

Reserved instruction 
Floating-point arithmetic 
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Group Floating -point Reversed 

These operations take two values from registers, perform floating-point arithmetic 
on groups of bits in the operands, and place the concatenated results in a register. 



Operation code* 



GF.SET.E.16 


Group floating-point set equal half 


GF. SET. E. 16.X 


Group floating-point set equal half exact j 


GF.SET.E.32 


Group floating-point set equal single 


GF.SET.E.32.X 


Group floating-point set equal single exact 


GF.SET.E.64 


Group floating-point set equal double 


GF. SET. E. 64.X 


Group floaiing-point set equal double exact 


GF. SET. GE. 16.X 


Group floating-point set greater or equal half exact 


GF.SET.GE.32.X 


Group floating-point set greater or equal sinc/e exact 


GF.SET.GE.64.X 


Group floating-point set greater or equal doucie exact 


GF.SET.L16.X 


Group floating-point set less half exact 


GF. SET. L. 32.X 


Group floating-point set less single exact 


GF. SET. L. 64.X 


Group floating-point set less double exact 


GF.SET.NE.16 


Group floating-point set not ecual half 


GF.SET.NE.16.X 


Group floating-point set not equal half exact 


GF.SET.NE.32 


Group floating-point set not eaual single 


GF.SET NE.32.X 


Group floating-point set not equal single exact 


GF.SET.NE.64 


Group floating-point set not equal double 


GF.SET.NE.64.X 


Group floating-ooint set not equal double exact 


GF.SET. NGE.16.X 


Group floating-point set not greater or equal half exact 


GF.SET.NGE.32.X 


Group floatingpoint set not greater or equal single exact 


GF. SET. NGE. 64.X 


Group floatingpoint set not greater or eaual double exact 


GF.SET.NL16.X 


Group floating-point set not less half exact 


GF.SET. NL32.X 


Group floating-point set not less single exact 


GF.SET. NL64.X 


Group floating-point set not less double exact 


GF.SET.NUE.16 


Group floating-point set not unordered or eaual half 


GF.SET.NUE.16.X 


Group floating-point set not unordered or eaual half exact 


GF.SET.NUE.32 


Group floating-point set not unoraerea or eaual single ! 


GF.SET.NUE.32.X 


Group floating-point set not unordered or esuai s:ng;e exact 


GF.SET.NUE.64 


Group floating-point set not unoraerea or ecual aouble ! 


GF.SET.NUE.64.X 


Group floating-point set not unordered or equal ooubie exact 


GF.SET.NUGE.16 


Group floating-point set not unordered greater or equal half 


GF.SET.NUGE.32 


Group floating-point set not unordered greater or equal single 


GF.SET.NUGE.64 


Group floating. oc:.Ti set not unoraerea greater or equal aouoie j 


GF.SET.NUL.16 


Group floating-point set not unordered or less half 


GF.SET.NUL.32 


Group floating-point set not unordered or less single 


GF.SET.NUL.64 


Group floaiing-point set not unordered or less double 


GF.SET.UE.16 


Group floating-point set unordered or equal half 


GF.SET.UE.16.X 


Group floating-point set unordered or equal half exact ; 


GF.SET.UE.32 


Group floating-point set unordered or equal single | 
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v3i .OC 1 .UL.Ot.A 


vjiwum Huauiiy-fjm.ii unoraerea at equal single exact 


GF SET UE 64 


Kjiuuyj iiudLii ly fjoiru bt^i unoraerea or equal cJoubie 


GF SET UE 64 X 


iiuutii «y fvumi UMuraerea or equal double exact 


GF.SET. UGE. 16 


CSrOUD f lOStiriQ-DOi Pf ^PT tinnrrioroH nron ror aaucI Holf 


GF SET UGE 32 


ofOUD ll03tinG-DOinT t itnnrHeroH nraatar nr , i i« 
Nw<iwwp fiwomiy ^w»u uiiuivJcicu urcalSr Or SQUai sIHQIS 


GF.SET UGE 64 


wiww^ iiwainiy pun u Swi uiiUHJcicU yrcdler Or GQUdl OOUD'6 


GF.SET. UL. 16 


vjiwu^ iiuaiii ly -uuu u bci unoraerso or igss nait 


GF SET UL 32 


\ji \ju)j iiuauiiy fjuiiti 5cl unoraerea GT leSS SinQl6 


GF SET UL 64 


I iTHl in fn3Tinn.n."int C r\t i in^rW^rn^ Ixima .LU 

vjiuujj iiuaLii jy-pwiiu S6l unoraerea or IGSS uOUulG 


GF SUB 16 


^iuufj iiuaiiiiy puiru suDiraci nan 


GF SUB 16 C 


oiuup iiudiing-poini suDtract naiT cGiling 


GF SUB 16 F 


oruup Moating-point suDtract nalt tloor 


GF SUB 16 N 


oruup iio<aLing-point suDtract half nearest 


GF SUR 1fi T 


oroup rioacing-point subtract half truncate 


G^ Qi jo ic y 

\J> .OUD. 1 U.A 


uroup rioacing-pcint subtract half exact 




vjjroup rioacfng-pcmt subtract single 


GF 91 IR P 


uroup ricating-comt subtract single ceilmq 


GF SUB ^? F 


oroup noaiing-pomt subtract single floor 


GF SUB 1? N 


Group floating-point subtract single nearest 


GF SUB T 


uroup noatmg-Doint subtract single truncate 


GiF 91 IR ^9 Y 
\J r.ouo.Oc.A 


Group floating-point subtract single exact 


GF.SUB.64 


GrouD ftoatino-ooint subtrarf rinnhip 


GF.SUB.64.C 


Group floating-point subtract double ceilinq 


GF.SUB.64.F 


Group floating-point subtract double floor 


GF.SUB.64.N 


Group floating-point subtract double nearest 


GF.SUB.64.T 


Group floating-point subtract double truncate 


GF. SUB. 64.X 


Group floating-point subtract double exact 





op 


prec 


round/trap 


set 


SET. 

E NE 
UE NUE 


16 32 64 


NONE X 




SET. 

NUGE NUL 
UGE UL 


16 32 64 


NONE 




SET. 

L GE 
NL NGE 


16 32 64 


X 


subtract 


SUB 


16 32 64 


none C F N T X 
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Format 

GF.op.prec. round rc=rb.ra 

31 24 23 18 17 12 1 1 65 0 

I GF.prec I ra j rb [ rc | op. round T 

8 6 6 6 6 

Description 

The contents of registers ra and rb are combined using the specified floating-point 
operation. The result is placed in register rc. The operation is rounded using the 
specified rounding option or using round-to-nearest if not specified. If a rounding 
option is specified, the operation raises a floating-point exception if a floating-point 
invalid operation, divide by zero, overflow, or underflow occurs, or when specified, 
if the result is inexact. If a rounding option is not specified, floating-point 
exceptions are not raised, and are handled according to the default rules of IEEE 
754. 

Definition 

def GroupFloatingPointReversed(op.prec. round. ra.rb.rc) as 
a <- RegRead(ra. 128) 
b <- RegRead(rb. 128) 
for i <- 0 to 128-prec by prec 
ai<- Flprec.a^prec-L.i) 
bi«- F{prec.b,v P rec-i..i) 
if round*NONE then 

if isSignallingNaN(ai) I isSignailingNaN(bi) 
raise FloatingPointException 

endif 

case op of 

GF.SET.L GF.SET.GE. GF.SET.NL, GF.SET.NGE: 
if isNaN(ai) l isNaN(bi) then 

raise FloatingPointArithmetic 

endif 

endcase 

endif 

case op of 
GF.SUB: 

ci «- bi-ai 
GF.SET.NUGE. GF.SET.L: 

ci <- bi?>ai 
QF.SET.NUL. GF.SET.GE: 

ci <- bi!?<ai 
GF.SET.UGE, GF.SET.NL: 

ci «- bi?>ai 
GF.SET.UL, GF.SET.NGE: 

ci <- bi?<ai 
GF.SET.UE: 

Ci <- b?=ai 
GF.SET.NUE: 

ci bi!?=ai 
GF.SET.E: 

ci <- bi=ai 
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GF.SET.NE: 
ci «— bi*ai 

endcase 
case op of 
GF.SUB: 

Ci+prec-i..i <- PackF(prec, ci) 
GF.SET.NUGE. GF.SET.NUL GF.SET.UGE. GF.SET.UL. 
GF.SET.L, GF.SET.GE. GF.SET.E. GF.SET.NE. GF.SET.UE. GF.SET.NUE: 
. c i+prec-1..i *~ ci 
endcase 
endfor 
endcase 
case round of 
X: 
N: 
T: 
F: 
C: 

NONE: 
endcase 

RegWrtte(rc. 128. c) 
endcase 
enddef 

Exceptions 

Reserved instruction 
Floating-point arithmetic 



170 



Case 2:Q5-cv~00505-TJW 

WO 97/07450 



Document 149 



Filed 10/15/2007 



Page 14 of 40 

PCT/US96/13047 



Group Floatina-noint Ternary 

These operations perform floating-point arithmetic on three groups of floating- 
point operands contained in registers. 



Operation codes 



GF.MULADD.16 


Group floating-point multiply and add half 


GF.MULSUB.16 


Group floating-point multiply and subtract half 


GF.MULADD.32 


Group floating-point multiply and add single 


GF.MULSUB.32 


Group floating-point multiply and subtract single 


GF.MUIADD.64 


Group floating-point multiply and add double 


GF.MULSUB.64 


Group floating-point multiply and subtract double 





OD 


prec 


multiply and add 


MULADD 


16 


32 


64 


multiply and subtract 


MULSUB 


16 


32 


64 


Format 














GF.operation.type 

31 24 23 


rd= 


ra.rb.rc 
18 17 12 11 




6 5 


0 


I op | 


ra 




rb | 


rc 


| 


rd | 


8 


6 




6 


6 




6 



Description 

The contents of registers ra and rb are taken to represent a group of floating-point 
operands and painvise are multiplied together and added to or subtracted from 
the group of floating-point operands taken from the contents of register rc. The 
results are concatenated and placed in register . The results are rounded to the 
nearest representable floating-point value in a single floating-point operation. 
Floating-point exceptions are not raised, and are handled according to the default 
rules of IEEE 754. These instructions cannot select a directed rounding mode o: 
trap on inexact. 

Definition 

def GroupFloatingPointTernary(op.prec.ra.rb.rc.rd) as 
a <- RegRead(ra, 128) 
b <- RegRead(rb. 128) 
c f- RegRead(rc, 128) 
for i <- 0 to 128-prec by prec 
ai <- F(prec.au P rec-i..i) 
bi <- F(prec.bi«. P rec-l..i) 
ci *- F(prec.Ci +P rec-i..i) 
case op of 

GF. MULADD: 

di <- (ai • bi ) + ci 
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GF.MULSUB: 

di <- (ai " bi ) - ci 

endcase 

di+prec-U «- PackF(prec. di) 
endfor 

RegWrite(re, 128, d) 
enddef 

Exceptions 

Reserved instruction 
Floating-point arithmetic 
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Group Floating -ooint Unary 

These operations take one value from a register , perform floating-point arithmetic 
on groups of bits in the operands, and place the concatenated results in a register . 



Operation codes 



OCA DC i C 

br.ADo. I b 


Group floating-point absolute value half 


ADO i£ V 

or. Abo. ib. X 


Group floating-point absolute value half exact 


r~ ADO O o 

br.Abo.o^ 


Group floating-ooint absolute value single 


r~*> r~ ado O O V 

GF.ABS.32.X 


Group floating-coint absolute value single exact 


GF.ABS.64 


Group floating-point absolute value double 


GF.ABS.64.X 


Group floating-point absolute value double exact 


GF. DEFLATE. 32 


Group floating-point convert half from single 


GF. DEFLATE. 32. C 


Group floatmg-cc:-: convert half from single ceiling 


GF.DEFLATE.32.F 


Group floaring-ccint convert half from single floor 


GF. DEFLATE. 32. N 


Group floating-pc ~: convert half from single nearest 


GF. DEFLATE. 32T 


Group fioa::ng-pc r.: convert hall* from single truncate 


GF.DEFLATE.32.X 


Group floating-point convert half from single exact 


GF. DEFLATE. 64 


Group floating-point convert single from double 


GF.DEFLATE.64.C 


Group floating-point convert single from double ceiling 


GF. DEFLATE. 64. F 


Group floating-point convert single from double floor 


GF. DEFLATE. 64. N 


Group floai:ng-po:r.; convert single from double nearest 


GF.DEFLATE.64.T 


Group floating-pctn: convert single from double truncate 


GF.DEFLATE.64.X 


Group floating-point convert single from double exact 


GF.FLOAT.16 


Group floating-point convert half from integer 


GF.FLOAT.16.C 


Group floating-point convert half from integer ceiling 


GF. FLOAT. 16. F 


Group floating-coint convert half from inteqer floor 


GF. FLOAT. 16. N 


Group floating-pc;r.; convert half from integer nearest 


GF. FLOAT. 16.T 


Group floating-point convert half from integer truncate 


GF. FLOAT. 16.X 


Group floating-point convert half from integer exact 


GF. FLOAT. 32 


Group floating-point convert single from integer 


GF. FLOAT. 32. C 


Group fioating-poini convert single from integer ceiling 


GF. FLOAT. 32. F 


Group floating-point convert single from integer floor 


GF. FLOAT. 32. N 


Group floating-point convert single from integer nearest 


GF. FLOAT. 32. T 


Group floating-point convert single from integer truncate 


GF. FLOAT. 32. X 


Group floaung-poini convert single from integer exact 


GF. FLOAT. 64 


Group floating-point convert double from integer 


GF. FLOAT. 64. C 


Group floating-point convert double from integer ceiling 


GF. FLOAT. 64. F 


Group floating-point convert double from integer floor 


GF. FLOAT. 64. N 


Group floating-point convert double from integer nearest 


GF. FLOAT. 64T 


Group floating -pomi convert double from integer truncate 


GF. FLOAT. 64. X 


Group floating-point convert double from integer exact 


GF. INFLATE. 16 


Group floating-point convert single from half 


GF. INFLATE. 16.X 


Group floating-point convert single from half exact 


GF. INFLATE. 32 


Group floating-point convert double from single 
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GF. INFLATE. 32.X 


Group floatir.g-point convert double from single exact 


GF.NEG.16 


Group floating-point negate half 


GF.NEG.16.X 


Group floating-point negate half exact 


GF.NEG.32 


Group floating-point negate single 


GF.NEG.32.X 


Group floating-point negate single exact 


GF.NEG.64 


Group floating-point negate double 


GF.NEG.64.X 


Group floating-point negate double exact 


GF. SINK. 16 


Group floating-point convert integer from half 


GF.SINK.16.C 


Group floating-point convert integer from half celling 


GF.SINK.16.F 


Group floating-point convert integer from half floor 


GF.SINK.16.N 


Group floating-point convert integer from half nearest 


GF.SINK.16.T 


Group floating-point convert integer from half truncate 


GF.SINK.16.X 


Group floating-point convert integer from half exact 


GF.SINK.32 


Group floating-point convert integer from single 


GF.SINK.32.C 


Group floating-point convert integer from sinale ceiling 


GF.SINK.32.F 


Group floating-point convert integer from single floor 


GF.SINK.32.N 


Group floating-point convert integer from singie nearest 


GF.SINK.32.T 


Group floating-point convert integer from single truncate 


GF.SINK.32.X 


Group floating-point convert integer from singie exact j 


GF.SINK.64 


Group floating-ooint convert integer from double * 


GF.SINK.64.C 


Group floating-point convert integer from double ceiling 


GF.SINK.64.F 


Group floating-point convert integer from double floor 


GF.SINK.64.N 


Group floating-point convert integer from double nearest 


GF.SINK.64.T 


Group floating-point convert integer from double truncate 


GF.SINK.64.X 


Group floating-point convert integer from double exact 


GF.SQR.16 


Group floating-point square root half 


GF.SQR.16.C 


Group floating-point square root half ceiling 


GF.SQR.16.F 


Group floating-point square root half floor 


GF.SQR.16.N 


Group floating-point square root half nearest 


GF.SQR.16.T 


Group floating-point square root half truncate 


GF.SQR. 16. X 


Group floating-point square root half exact 


GF.SQR.32 


Group floating-point square root sinale 


GF.SQR. 32.C 


Group floating-point square root sinale ceiling 


GF.SQR. 32.F 


Group floating-point square root smaie floor 


GF.SQR. 32.N 


Group floating-point square root smaie nearest 


GF.SQR 32.T 


Group floating-point square root sinale truncate 


GF.SQR. 32.X 


Group floating-point square root single exact 


GF.SQR. 64 


Group floating-point square root double 


GF.SQR. 64.C 


Group floating-point square root double ceiling 


GF.SQR. 64. F 


Group floating-point square root double floor 


GF.SQR. 64. N 


Group floating-point square root double nearest 


GF.SQR. 64.T 


Group floating-point square root double truncate 


GF.SQR. 64.X 


Group floating-point square root double exact 
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rouna/rrap 


absolute 
value 


ABS 


16 32 64 


NONE X 


iioai irom 
integer 


CI f~i A T 

rLUA 1 


id o<d 64 


none C F N T X 


integer 

ii or ri nudl 


SINK 


16 32 64 


none C F N T X 


increase 

format 

precision 


INFLATE 


16 32 


NUWt A 


decrease 

format 

precision 


DEFLATE 


32 64 | 


none C F N T X 


square root 


SQR 


16 32 64 


none C F N T X 



Format 

GF. op. prec. round rc=ra 



31 24 


23 18 


17 12 


11 6 


5 0 


GF.prec 


ra 


op 


rc 


UNARY. 










round 


8 


6 


6 


6 


6 



Description 

The contents of register ra is used as the operand of the specified floating-point 
operation. The result is placed in register rc. The operation is rounded using the 
specified rounding option or using round-to-nearest if not specified. If a rounding 
option is specified, the operation raises a floating-point exception if a floating-point 
invalid operation, divide by zero, overflow, or underflow occurs, or when specified, 
if the result is inexact. If a rounding option is not specified, floating-point 
exceptions are not raised, and are handled according to the default rules of IEEE 
754. 

Definition 

def GroupFloatingPointUnary(op. prec. round. ra.rb.rc) as 
a <- RegRead(ra. 128) 
case op of 

GF.ABS. GF.NEG, GF.SOR: 

for i <- 0 to 128-prec by prec 
ai *- F(prec.aj +P rec-i..i) 
case op of 
GF.ABS: 

if ai < 0 then 
ci <— -at 

else 

ci <- ai 

endif 
GF.NEG: 



175 



Case 2:05-cv-005C5-TJW Document 1 49 Filed 1 0/1 5/2007 Page 1 9 of 40 

WO 97/07450 PCT/US96/13047 



ci «- -ai 
GF.SQR: 

Ci *- VaT 

endcase 

c i+prac-l..i «- PackF(prec. ci. round) 
endfor 
GF.SINK: 

for 0 to 128-prec by prec 
ai<-F(prec.aj+ Drec .ij) 

Ci+prec-L.i *- al 
endfor 
GF. FLOAT: 

for i 4- 0 to 128-prec by prec 
ai «~ ai*prec-i..i 

CiVprecLJ <- PackF(prec.ai, round) 
endfor 
GF. INFLATE: 

for i <— 0 to 64-prec by prec 
ai *- F(prec.a,>p r ec.i..i) 

c i+i+prec+prec-i..i+i *- PackF(prec+prec.ai. round) 
endfor 
GF. DEFLATE: 

for i 0 to 128-prec by prec 

ai*- F(prec.a i+ p r ec-i..i) 

Ci/2+prec/2-l..i/2 «- PackF(prec/2.ai. round) 
endfor 

endcase 
REC[rc] «- c 
enddef 

Exceptions 

Reserved instruction 
Floating-point arithmetic 
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Load 

These operations add the contents of two registers to produce a virtual address, 
load data from memory, sign- or zero-extending the data to fill the destination 
register. 



Operation codes 



L.82o 


Load signed Dyte 


L16.B 


Load signed doublet big-endian 


L16.B.A 


Load signed doublet big-endian aligned 


L16.L 


Load signed doublet little-endian 


L16.L.A 


Load signed doublet little-endian aligned 


L.32.B 


Load signed quadlet big-endian 


L32.B.A 


Load signed auadlet big-endian aligned 


L.d^.L 


Load signed auadlet little-endian 


L32.LA 


Load signed auadlet little-endian aligned 


L64.B27 


Load octlet bia-endian 


L.64.B.A" 


Load octlet big-endian aligned 


L.64.L 2 9 


Load octlet little-endian 


L 64.L.A 30 


Load octlet little-endian aligned 


L128.B 51 


Load hexlet big-endian 


L.128.B.A32 


Load hexlet big-endian aligned 


L.128.L33 


Load hexlet little-endian 


L128.LA34 


Load hexlet little-endian aligned 


L.U.8^ 


Load unsigned byte ) 


LU.16.B 


Load unsigned doublet big-endian 


LU.16.B.A 


Load unsigned doublet big-endian aligned 


LU.16.L 


Load unsigned doublet little-endian 



26 L.8 need not distinguish between little-endian and big-endian ordering, nor between aligned 
and unaligned, as only a single byte is loaded. 

2/ L.6-I.B need not distinguish between signed and unsigned, as the octlet fills the destination 
register. 

28 L6-J.B.A need not distinguish between signed and unsigned, as the octlet fills the destination 
register. 

29 L64.L need not distinguish between signed and unsigned, as the octlet fills the destination 
register. 

30 L.64.L.A need not distinguish between signed and unsigned, as the octlet fills the "destination 
register. 

3l L.128.B need not distinguish between signed and unsigned, as the hexlet fills the destination 
register pair. 

32 L.128.B.A need not distinguish between signed and unsigned, as the hexlet fills the 
destination register pair. 

3j L.128.L need not distinguish between signed and unsigned, as the hexlet fills the destination 
register pair. 

34 L.128.L.A need not distinguish between signed and unsigned, as the hexlet fills the 
destination register pair. 

35 LU8 need not distinguish between little-endian and big-endian ordering, nor between aligned 
and unaligned, as only a single byte is loaded. 
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L.U.16.LA 


Load unsigned doublet little-endian aliqned 


L.U.32.B 


Load unsigned quadlet biq-endian 


LU.32.B.A 


Load unsigned quadlet biq-endian aliqned 


L.U.32.L 


Load unsiqned quadlet little-endian 


LU.32.L.A 


Load unsigned quadlet little-endian aliqned 


LU.64.B 


Load unsigned octlet big-endian 


L.U.64.B.A 


Load unsigned octlet big-endian aliqned 


L.U.64.L 


Load unsigned octlet little-endian 


LU.64.L.A 


Load unsigned octlet little-endian aligned 



number format 


type 


size 


ordering 


alignment 


signed byte 




8 






unsigned byte 


U 


8 






signed integer 




16 32 64 


L B 




signed integer aliqned 




16 32 64 


L B 


A 


unsigned integer 


U 


16 32 64 


L B 




unsigned integer aligned 


U 


16 32 64 


L B 


A 


register 




128 


L B 




register aligned 




128 


L B 


A 



Format 



op rc=ra,rb 

31 24 23 18 17 12 11 65 0 

I L. MINOR I ra 1 rb | rc | op 1 

8 6 6 6 6 

Description 

A virtual address is computed from the sum of the contents of register ra and 
register rb. The contents of memory using the specified byte order is treated as 
the size specified and zero-extended or sign-extended as specified, and placed into 
register rb. 

If alignment is specified, the computed virtual address must be aligned, that is, it 
must be an exact multiple of the size expressed in bytes. If the address is not 
aligned an "access disallowed by virtual address" exception occurs. 

Definition 

def Load(op.ra.rb.rc) as 
case op of 

L16L. L32L L8. L16LA, L32LA, L16B. L32B. L16BA. L32BA 
L64L, L64LA. L64B. L64BA: 
signed <- true 

LU16L LU32L LU8. LU16LA. LU32LA. LU16B. LU32B. LLM6BA, LU32BA 
LU64L. LU64LA. LU64B. LU64BA: 

signed «- false 
L128L L128LA. L128B. L128BA: 
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signed «- undefined 

endcase 
case op of 
L8. LU8: 
size <- 8 

L16L LU16L. L16LA. LU16LA. L16B. LU16B. L16BA, LU16BA: 
size <- 1 6 

L32L LU32L, L32LA, LU32LA. L32B. LU32B. L32BA. LU32BA: 
size «- 32 

L64L. LU64L L64LA. LU64LA. L64B. LU64B. L64BA, LU64BA: 

Size <- 64 
L128L. L128LA, L128B. L128BA: 

size <- 128 

endcase 
case op of 

L16L LU16L L32L LU32L. L64L LU64L, L128L 
L16LA. LU16LA. L32LA, LU32LA L64LA. LU64LA. L123LA: 
order «- L 

L16B. LU16B. L32B. LU32B. L6^B. LU64B. L128B 

L16BA. LU16BA, L32BA. LU32BA. L64BA. LU64BA. L12SBA: 

order <- B 
L3. LU8: 

order <— undefined 

endcase 
case op of 

L16L LU15L L32L LU32L L64L LU64L. L128L 
L16B. LU16B. L32B, LU32B. L64B. LU64B. L128B: 
align <— false 

L16LA. LU16LA, L32LA. LU32LA L64LA. LU64LA L128LA 
L16BA, LU16BA, L32BA. LU32BA. L64BA, LU64BA, L128BA: 

align <- true 
L8. LU8: 

align <- undefined 

endcase 

a <- RegRead(ra, 64) 
b *- RegRead(rb. 64) 
VirtAddr a + b 
if align then 

if (VirtAddr and ((size/8)-1)) * 0 then 

raise AccessDisallowedByVirtualAddress 

endif 

endif 

m <- LoadMemory(VirtAddr,size.order) 
mx *- (m S j 2e _i and signed) 1 28-SJZe n m 

case size of 

8. 16, 32. 64: 

RegWritefrc. 64, mx63.,o) 

128: 

RegWrite(rc, 128. mx) 

endcase 
enddef 

Exceptions 

Reserved instruction 

Access disallowed by virtual address 

Access disallowed by tag 

Access disallowed by global TLB 
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Access disallowed by local TLB 

Access detail required by rag 

Access detail required by local TLB 

Access detail required by global TLB 

Cache coherence intervention required by tag 

Cache coherence intervention required by local TLB 

Cache coherence intervention required by global TLB 

Local TLB miss 

Global TLB miss 
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Load Immediate 

These operations add the contents ot a register to a sign-extended immediate 
value to produce a virtual address, load data from memory, sign- or zero-extending 
the data to fill the destination register. 



Operation codes 



L.8.I 36 


Load sianed bvte immecfiatp 

WW w. W> w ' ' W W I*/ y 1 W HI M 1 lu \_J 1 U L W 


L.16.BAI 


Load Sinnpri fintlhlpt hin-onHian zalinnoH immoHiato 

s— w"w;w> oiui icu w'w'U kJi wl UiLj wl 1 Ui 1 CXI 1 Oi(L|l!wVJ II 1 IN iOVJ 1 C*lw 


L 16 B I 


Load sinnGfi riouhlpt hin-pnriian immoHiatP 


L 16. L.A.I 


Load sionec coubtet little-endian alinnpri immpdiprp 

^w w w w »^ > ■ w w ww v wi w I 'iViiv wi IwlQI 1 U>> w 1 1 wU II 1 II 1 ICUIOIC 


L 16 L I 


I Had 9inn ar 1 dniihlpf lirtlp-Pnrtian immDHiato 


L 32 B A 1 


t OPfi ^innP'i nilPfilPf hin-oriHisn salinnoH irttmoHiotn 
i_wau oiyiicij quaUici Uiy wilUlall aliyiicvJ irTirTlcvjIdlw 


L.32.B.I 


Load sioned ouadlet bin-pndian immpfii?ifp 


L32.LA.I 


Load signea cuadlet little-endian aligned immediate 


L.32.LI 


Load signea auadlet little-endian immediate 


L.64.B.A.I' 7 


Load octlet big-endian aligned immediate 


L.64.B.P 6 


Load octlet osa-endian immediate 


L64.LA.P9 


Load octlet little-endian aligned immediate ! 


L64.L.H0 


Load octlet little-endian immediate I 


L12B.B.A.I 4 ' 


Load hexlet big-endian aligned immediate 


L.128.B.I 42 


Load hexlet big-endian immediate 


L128.LA.H3 


Load hexlet little-endian aligned immediate 


L.128.LI 44 


Load hexlet little-endian immediate 


LU.8.I* 


Load unsigned byte immediate I 


LU.16.B.A.I 


Load unsigned doublet big-endian aligned immediate 


LU.16.B.I 


Load unsigned doublet big-endian immediate 


L.U.16.L.A.I 


Load unsigned doublet little-endian aligned immediate 



> 6 L.8.I need not distinguish between little-endian and big-endian ordering, nor between aligned 
and unaligned, as only a single byte is loaded. 

3 'L.64.B.A.I need not distinguish between signed and unsigned, as the octlet fills the 
destination register. 

* 8 L.6-1.B.I need not distinguish between signed and unsigned, as the octlet fills the destination 
register. 

^ 9 L.6-4. L.A.I need not distinguish between signed and unsigned, as the octlet fills the 
destination register. 

^L.&A.L.l need not distinguish between signed and unsigned, as the octlet fills the destination 
register. 

"^L. 128. B.A.I need not distinguish between signed and unsigned, as the hexiet fills the 
destination register pair. 

" ,2 L.128.B.I need not distinguish between signed and unsigned, as the hexlet fills the destination 
register pair. 

"^L.128. L.A.I need not distinguish between signed and unsigned, as the hexlet fills the 
destination register pair. 

"^L. 128. L.I need not distinguish between signed and unsigned, as the hexlet fills the destination 
register pair. 

"^L.L'S.I need not distinguish between little-endian and big-endian ordering, nor between 
aligned and unaligned, as only a single byte is loaded. 
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L.U.16.L.I 


Load unsigned doublet littie-endian immediate 


LU.32.B.A.I 


Load unsigned quadlet big-endian aligned immediate 


LU.32.B.I 


Load unsigned quadlet big-endian immediate 


LU.32.L.A.I 


Load unsigned quadlet little-endian aligned immediate 


LU.32.LI 


Load unsigned quadlet little-endian immediate 


LU.64.B.A.I 


Load unsigned octlet big-endian aligned immediate 


LU.64.B.I 


Load unsigned octlet biq-endian immediate 


LU.64.L.A.I 


Load unsigned octlet little-endian aligned immediate 


LU.64.L.I 


Load unsigned octlet little-endian immediate I 



number format 


type 


size 


ordering 


alignment 


signed byte 




8 






unsigned byte 


U 


8 






signed integer 




16 32 64 


L B 




signed integer aligned 




16 32 64 


L B 


A 


unsigned integer 


U 


16 32 64 


L B 




unsigned integer aligned 


U. 


16 32 64 


L B 


A 


register 




128 


L B 




register aligned 




128 


L B 


A 



Format 



op rb=ra.offset 

31 24 23 18 17 12 11 0 

I QP I ra I rb I offset \ 

^8 6 g 12 

Description 

A virtual address is computed from the sum of the contents of register ra and the 
sign-extended value of the offset field. The contents of memory using the specified 
byte order is treated as the size specified and zero-extended or sign-extended as 
specified, and placed into register rb. 

If alignment is specified, the computed virtual address must be aligned, that is, it 
must be an exact multiple of the size expressed in bytes. If the address is not 
aligned an "access disallowed by virtual address" exception occurs. 

Definition 

def Loadlmmediate(op.ra.rb.offset) as 
case op of 

L16LI. L32LI. L8I. L16LAI. L32LAI, L16BI. L32BI. L16BAI. L32BAI: 
L64LI. L64LAI. L64BI. L64BAI: 

signed *- true 
LU16LI. LU32LI. LU8I. LU16LAI, LU32LAI, 
LU16BI. LU32BI. LU16BAI. LU32BAI: 
LU64LI. LU64LAI. LU64BI. LU64BAI: 

signed <- false 
L128LI. L128LAI. L128BI. L128BAI: 
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signed *- undefined 

endcase 
case op of 

L8I. LU81: 
size <- 8 

L16LI. LU16LI. L16LAI. LU16LAI. L16BI. LU16BI. L16BAI. LU16BAI: 
size «- 16 

L32LI. LU32LI. L32LAI. LU32LAI. L32BI. LU32BI. L32BAI. LU32BAI: 
size 4- 32 

L64LI. LU64U, L64LAI, LU64LAI, L64BI. LU64BI. L64BAI. LU64BAI: 

size <- 64 
L128LI. L128LAI. L128BI. L128BAI: 

size <- 128 

endcase 
case op of 

L16LI. LU16LI. L32LI. LU32LI. L64IJ. LU64LI. L128LI 
L16BI. LU16BI. L32BI. LU32BI. L64BI. LU64BI. L128BI: 
align <- false 

L16LAI, LU16LAI. L32LA1. LU32LAI. L64LAI. LU64LAI, L128LAI 
L16BAI. LU16BAI. L32BAI. LU32BAI, L64BAI. LU64BAI. L128BAI: 

align <- true 
L8I. LU8I: 

align <- undefined 

endcase 
case op of 

L16LI. LU16LI. L32LI. LU32LI. L64LI, LU64LI. U28U. 
L16LAI, LU16LAI. L32LAI. LU32LAI. L64LAI. LU64LAL L128LAI: 
order <- L 

L16BI. LU16BI. L32BI. LU32BI. L64BI, LU64BI, L128BI 

L16BAI. LU16BAI. L32BA!. LU32BAI. L64BAI. LU64BAI. L128BAI: 

order <- B 
L8I. LU8I: 

order *~ undefined 

endcase 

a <- RegRead(ra. 64) 

VirtAddr <- a + (offset <| t 52 II offset) 

if align then 

if (VirtAddr and ((size/8)-1)) * 0 then 

raise AccessDisallowedByVirtualAddress 

endif 

endif 

b «- LoadMemory(VirtAddr.size.order) 
bx <- (bgize-1 and signed) 128 " si2e II b 
RegWrite(rb. 64, bx) 
enddef 

Exceptions 

Reserved instruction 

Access disallowed by virtual address 

Access disallowed by tag 

Access disallowed by global TLB 

Access disallowed by local TLB 

Access detail required by tag 

Access detail required by local TLB 

Access detail required by global TLB 

Cache coherence intervention required by tag 
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Cache coherence intervention required by local TLB 
Cache coherence intervention required by global TLB 
Local TLB miss 
Global TLB miss 



184 



Case 2:05-cv-00505-TJW Document 149 Fifed 10/15/2007 Page 28 of 40 

WO 97/07450 PCT/US96/13047 



Store 

These operations add the contents of two registers to produce a virtual add 
and store the contents of a register into memory. 



Operation cnciw 





Store byte 


S.16.B 


Store double bio-endian 


S.16.B.A 


Store double biq-endian aliqned 


S.16.L 


Store double little-endian 


S.16.L.A 


Store double little-endian aligned 


S.32.B 


Store quadlet bia-endian 


S.32.B.A 


Store quadlet big-endian aligned 


S.32.L 


Store quadlet littie-endian 


S.32.L.A 


Store quadler littie-endian alinnpd 


S.64B ' 


Store octlet bia-endian 


S.64.B.A 


Store octlet bia-endian alinnpd 


S.64.L 


Store octiet little-endian 


S.64.L.A 


Store octlet little-endian aliqned 


S.128.B 


Store hexlet big-endian ~~ 


S.128.B.A 


Store hexlet big-endian aligned 


S.128.L 


Store hexlet little-endian 


S.128.L.A 


Store hexiet little-endian aliqned 


S.AAS.64.B.A 


Store add-and-swaD octlet biq-endian alianed 


S.AAS.64.L.A 


Store add-and-swap octlet little-endian aliqned 


S CAS.64.B.A 


Store compare-and-swap octlet big-endian alianed 


S.CAS.64.L.A 


Store compare-ana-swap octlet little-endian augnea 


S MAS.64.B.A 


Store multiplex-and-swap octlet big-endian ahanea 


S.MAS.64.LA 


Store multiplex-and-swap octlet little-endian aiianeo 


S.MUX.64.B.A 


Store multiplex octlet biq-endian aligned 


S.MUX.64.L.A 


Store multiplex octlet little-endian alignea 



size 


orderinq 


alignment 


8 






16 32 64 128 


L B 




16 32 64 128 


L B 


A 



A6 S.& need not specify byte ordering, nor need it specify alignment checking, as it stores a single 
byte. 
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Formal 

op ra.rb.ro 

31 24 23 18 17 12 11 65 

| S.MINOR I ra I rb | rc | p t 



Description 

A virtual address is computed from the sum of the contents of register ra and 
register rb. The contents of register rc, treated as the size specified, is stored in 
memory using the specified byte order. 

If alignment is specified, the computed virtual address must be aligned, that is, it 
must be an exact multiple of the size expressed in bytes. If the address is not 
aligned an "access disallowed by virtual address" exception occurs. 

Definition 

def Store(op. ra.rb.rc) as 
case op of 
S8. 

S16L S16LA. S16B. S16BA. 
S32L S32LA. S32B. S32BA, 
S64L S64LA S64B. S64BA, 
S123L S123LA. S128B. S128BA: 

function +- NONE 
SAAS64BA. SAAS64LA: 

function 4- AAS 
SCAS64BA. SCAS64LA: 

function CAS 
SMAS64BA, SMAS64LA: 

function <- MAS 
SMUX64BA, SMUX64LA: 

function <- MUX 

endcase 
case op of 
S8: 

size <- 8 
S16L. S16LA. S16B, S16BA: 

size 16 
S32L. S32LA. S32B, S32BA: 

size <- 32 
S64L, S64LA, S64B, S64BA, 
SAAS64BA. SAAS64LA; 

Size <- 64 

SCAS64BA. S CAS 64 LA. SMAS64BA, SMAS64LA, SMUX64BA. SMUX64LA 

size <- 64 
S128L S128LA. S128B. S128BA: 

size <- 128 

endcase 
case op of 
S8. 

S16L S16LA. S16B. S16BA. 
S32L. S32LA. S32B. S32BA, 
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S64L S64LA. S64B. S64BA. 
SAAS64BA, SAAS64LA: 
rsize «- 64 

SCAS64BA. SCAS64LA. SMAS64BA, SMAS64LA, SMUX64BA SMUX64UV 

rsize <- 128 
S123L S128LA. S128B. S128BA: 

rsize 128 

endcase 
case op of 
S8: 

align <- undefined 
S16L. S32L. S64L. S128L. 
S163. S32B. S64B. S128B: 

align <- false 
S16LA. S32LA. S64LA. S128LA. 
S16BA. S32BA. S64BA, S128BA. 
SAAS64BA. SAAS64LA. SCAS64BA. SCAS64LA 
SMAS64BA. SMAS64LA. SMUX64BA. SMUX64LA: 

align true 

endcase 
case op of 

S8: 

order <- undefined 
S16L S32L S64L S128L 
S16LA. S32LA. S64LA. S128LA. 
SAAS64LA, SCAS64LA, SMAS64LA. SMUX64LAI: 

order <- L 
S16B. S32B. S64B. S128B. 
S16BA. S32BA, S64BA. S128BA. 
SAAS64BA, SCAS64BA. SMAS64BA, SMUX64BAI: 

order «- B 

endcase 

a <- RegRead(ra. 64) 
b <- RegRead(rb. 64) 
VirtAddr <- a + b 
if align then 

if (VirtAddr and ((size/8)- 1)) * 0 then 

raise AccessDisallowedByVirtualAddress 

endif 

endif 

m <- RegRead(rc. rsize) 
case function of 
NONE: 

StoreMemory(VirtAddr,si2e. order, ms^e^ 0 ) 

A AS: 

c 4— LoadMemory(VirtAddr.size,order) 
StoreMemory(VirtAddr.size.order,m63 .,o+c) 
RegWrite(rc, 64. c) 

CAS: 

c <- LoadMemory(VirtAddr.size.order) 
if (c = m63..o) then 

StoreMemory(\/irtAddr. size, order. m<\27.. 64) 

endif 

RegWrite(rc. 64. c) 
MAS: 

c <- LoadMemory(VirtAddr,size .order) 
n «- (m 1 27..64 & rn 63 >0 ) I (c & -rri63..o) 
StoreMemory(VirtAddr.size.order,n) 
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RegWrite(rc. 64, c) 
MUX: 

c <- LoadMemory(VirtAddr.5i29. order) 
n <- (m 12 7. 64 & m 63. 0) I (C & -m 63 0 ) 
StoreMemory(VirtAddr. size. order. n) 

endcase 
enddef 

Exceptions 

Reserved instruction 

Access disallowed by virtual address 

Access disallowed by tag 

Access disallowed by global TLB 

Access disallowed by local TLB 

Access detail required by tag 

Access detail required by local TLB 

Access detail required by global TLB 

Cache coherence intervention required by tag 

Cache coherence intervention required by local TLB 

Cache coherence intervention required by global TLB 

Local TLB miss 

Global TLB miss 
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Store Immediate 

These operations add the contents of a register to a sign-extended immediate 
value to produce a virtual address, and store the contents of a registering 
memory. 



Operation codes 



S.8.1 4 ' 


Store byte immediate 


S.16. B.A.I 


Store double big-endian aliqned immediate 


S.16.B.I 


Store double big-endian immediate 


S.16. L.A.I 


Store doubie little-endian aliqned immediate 


S.16.L.I 


Store double little-endian immediate 


S.32.B.A.I 


Store auadlet big-endian alianed immediate 


S.32.B.I 


Store quadlet big-endian immediate 


S.32.L.A.I 


Store quaalei little-endian aliqned immediate 


S.32.LI 


Store quad:et little-endian immediate 


S.64. B.A.I 


Store octlet big-endian aligned immediate 


S.64.B.I 


Store ocrle: cig-endian immediate 


S.64. L.A.I 


Store octlet little-endian aliqned immediate 


S.64. L.I 


Store octle: little-endian immediate 


S.128.BAI 


Store hexlet big-endian aligned immediate 


S.128.B.I 


Store hexlet big-endian immediate 


S.128.LA.I 


Store hexlet little-endian aligned immediate 


S.128.L.I 


Store hexlet little-endian immediate 


S.AAS.64. B.A.I 


Store add-and-swap octlet big-endian aligned immediate 


S.AAS. 64. L.A.I 


Store add-anc-swap octlet little-endian aligned immediate 


S.CAS.64.BAI 


Store compa r e-and-swap octlet big-endian aligned immediate 


S.CAS. 64. L.A.I 


Store compare-Er.c-swao octlet mtie-enaian aligned immediate 


S.MAS.64. B.A.I 


Store multipiex-and-swap octlet big-endian aligned immediate 


S.MAS.64. L.A.I 


Store multipiex-and-swap octlet little-endian aligned immediate 


S.MUX.64.BAI 


Store multiplex octlet big-endian aligned immediate j 


S.MUX.64. L.A.I 


Store multiplex octlet little-endian aligned immediate 



size 


ordering 


alignment 


8 






16 


32 


64 


128 


L B 




16 


32 


64 


128 


L B 


A 



4 'S.8.1 need not specify byte ordering, nor need it specify alignment checking, as it stores a 
single byte. 
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Format 



S.size. order. align. I 
31 : 



24 23 



ra.rb.offset 



18 17 



12 11 



o 




ra 



6 



I rb | 



offset 



Description 

A virtual address is computed from the sum of the contents of register ra and the 
sign-extended vale of the offset field. The contents of register rb, treated as the 
size specified, is stored in memory using the specified byte order. 

If alignment is specified, the computed virtual address must be aligned that is it 
must be an exact multiple of the size expressed in bytes. If the address is not 
aligned an access disallowed by virtual address" exception occurs. 

Definition 

def Storelmmediate(op, ra.rb.offset) as 
case op of 
S8l. 

S16LI. S16LAI, S16BI, S16BAI 
S32LI. S32LAI, S32BI. S32BA! 
S64LI. S64LAI. S64BI, S64BA! 
S128U S128LAI. S128BI. S12SBAI: 

function <- NONE 
SAAS64BAI. SAAS64LAI: 

function <- AAS 
SCAS64BAI. SCAS64LAI: 

function «- CAS 
SMAS64BAI, SMAS64LAI: 

function «- MAS 
SMUX64BAI, SMUX64LAI: 



case op of 
S8i: 

size <- 8 
S16LI. S16LAI. S16BI. S16BAI: 

size <- 16 
S32LI. S32LAI. S32BI. S32BAI: 

S(2e <- 32 

S64LI. S64LAI. S64BI. S64BAI. SAAS64BAI, SAAS64LAI 

SCAS64BAI, SCAS64LAI. SMAS64BAI, SMAS64LAI. SMUX64BAI SMUX64LA1' 



S128LI S128LAI. S128BI, S128BAI: 
size «- 128 

endcase 
case op of 
S8I, 

S16LI. S16LAI. S16BI. S16BAI 
S32U. S32LAI, S32BI. S32BAI. 
S64LI. S64LAI. S64BI. S64BAI. 
SAAS64BAI. SAAS64LAI: 



function <- MUX 



endcase 



size <- 64 
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rsize <- 64 

SCAS64BAI, SCAS64LAI, SMAS64BAI. SMAS64LAI. SMUX64BAI SMUX64LAI 

rsize <- 128 
S128LI. S12BLAI. S128BI. S128BAI: 

rsize <- 128 

endcase 
case op of 
S8I: 

align 4- undefined 
S16LI. S32LI. S64LI. S128LI. 
S16BI. S32BI. S64BI. S128BI: 

align <- false 
S16LAI, S32LAI, S64LAI, S128LAI. 
S16BAI. S32BAL S64BAI. S128BAI, 
SAAS64BAI. SAAS64LAI. SCAS54BAI. SCAS64LAI 
SMAS64BAI. SMAS64LAI. SMUX64BAI. SMUX64LAI: 

align <- true 

endcase 

case op of 
S8I: 

order <- undefined 
S16LI, S32LI. S64LI. S128LI. 
S16LAI. S32LAL S64LAI. S128LAI. 
SAAS64LAI. SCAS64LAI. SMAS64LAI. SMUX64LAI: 

order <- L 
S16BI. S32BI. S64BI. S128BI. 
S16BAI. S32BAI. S64BAI. S128BAI. 
SAAS64BAI, SCAS64BAI. SMAS64BAI. SMUX64BAI: 

order <- B 

endcase 

a <- RegRead(ra, 64) 

VirtAddr <- a + (offset 1 1 50 II offset) 

if align then 

if (VirtAddr and ((size/8)- 1)) * 0 then 

raise AccessDisallowedByVirtualAddress 

endif 

endif 

m <- RegRead(rb. rsize) 
case function of 
NONE: 

StoreMemory(VirtAddr,size,order,m S j 2e . 1 q) 

A AS: 

b <- LoadMemory(VirtAddr,size, order) 
StoreMemory(VirtAddr.size.order.m53 o+b) 
RegWrite(rb, 64, b) 

CAS: 

b <- LoadMemory(VirtAddr, size, order) 
if (b = m 6 3 o) then 

StoreMemory(VjrtAddr ( size.order.mi27..64) 

endif 

RegWrite(rb. 64, b) 
MAS: 

b <~ LoadMemory(VirtAddr. size. order) 
n (m-|27,.64 & ^53 q) I (b & ~m63..o) 
StoreMemory(VirtAddr. size. order, n) 
RegWrite(rb. 64. b) 

MUX: 
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b <- LoadMemory(VirtAddr.size.order) 
n <- (m 12 7. 64 & ^53.0) I (b & ~m 53 ..o) 
StoreMemory(VirtAddr.si29.order,n) 

endcase 
enddef 

Exceptions 

Reserved instruction 

Access disallowed by virtual address 

Access disallowed by tag 

Access disallowed by global TLB 

Access disallowed by local TLB 

Access detail required by tag 

Access detail required by local TLB 

Access detail required by global TLB 

Cache coherence intervention required by tag 

Cache coherence intervention required by local TLB 

Cache coherence intervention required by global TLB 

Local TLB miss 

Global TLB miss 
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Memory Management 

This section discusses the caches, the translation mechanisms, the memory 
interfaces, and how the multiprocessor interface is used to maintain cache 
coherence. 

The Terpsichore, processor provides for both local and global virtual addressing 
arbitrary page sizes, and coherent-cache multiprocessors. The memory 
management system is designed to provide the requirements for implementation 
of virtual machines as well as virtual memory. 

All facilities of the memory management system are themselves memorv mapped, 
in order to provide for the manipulation of these facilities by high-level language* 
compiled code. " ^ ' D 

The translation mechanism is designed to allow full bvte-at-a-time control of 
access to the virtual address space, with the assistance of fast exception handlers. 

Privilege levels provide for the secure transition between insecure user code and 
secure system facilities. Instructions execute at a prmlege, specified bv a two-bit 
field in the access information. Zero is the least-privileged level, and three is the 
most-privileged level. 

The diagram below sketches the organization of the memory management system: 
I local virtual address 



local virtual 
to global 
virtual 
address 
translation 



address cache data 



address cache tag 



global virtual address 



global 
virtual to 
physical 
address 
translation 



.data 

-local 
protection 



global 
protection 
-hit 



global 
"protection 



physical address 



Terpsichore memory management 



Starting from a local virtual address, the memory management system performs 
three actions in parallel: the low-order bits of the virtual address are used to 
directly access the data in the cache, a low-order bit field is used to access the 
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cache tag, and the high-order bits of the virtual address are translated from a local 
address space to a global virtual address space. 

following these three actions, operations vary depending upon the cache 
implementation. The cache tag may contain either a physical address and access 
control information (a physically-tagged cache), or may contain a global virtual 
address and global protection information (a virtually-tagged cache). 

For a physically-tagged cache, the global virtual address is translated to a phvsicaJ 
address by the TLB, which generates global protection information. The cache 
tag is checked against the physical address, to determine a cache hit. In parallel, 
the local and global protection information is checked. 

For a virtually-tagged cache, the cache tag is checked against the global virtual 
address to determine a cache hit, and the local and global protection information 
is checked. If the cache misses, the global virtual address is translated to a 
physical address by the TLB, which also generates the global protection 
information. 

Local and Global Virtual Addresses 

The 64-bit global virtual address space is global among all tasks. In a multitask 
environment, requirements for a task-local address space arise from operations 
such as the UNIX "fork" function, in which a task is duplicated into parent and 
child tasks, each now having a unique virtual address space. In addition, when 
switching tasks, access to one task's address space must be disabled and another 
task's access enabled. 

Terpsichore provides for portions of the address space to be made local to 
individual tasks, with a translation to the global virtual space specified by four 16- 
bit registers for each local virtual space. Terpsichore specifies four sets of virtual 
spaces, and therefore four sets of these four registers. The registers specifv a mask 
selecting which of the high-order 16 address bits are checked to match a 
particular value, and if they match, a value with which to modify the virtual 
address. Terpsichore avoids setting a fixed page size or local address size; these 
can be set by software conventions. 



A local virtual address space is specified by the following:: 



field name 


size 


description 


local mask 


16 


mask to select fields of local virtual 
address to perform match over 


local match 


16 


value to perform match with masked 
local virtual address 


local xor 


16 


value to xor with local virtual address if 
matched 


local protect 


16 


local protection field (detailed later) 



local virtual address space specifiers 
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These 16-bit registers are packed together into a 64-bit register as follows: 
Local Translation Lookaside Buffer 

63 48 47 32 31 16 15 0 

I mask[t][i] | match[t][i] | xor[t]m j protectmnT I 

*6 16 16 Te 

The LTLB contains a separate contexr of register sets for each thread. A context 
consists of one or more sets of mask/match/xor/protect registers, one set for each 
simultaneously accessible local virtual address range. This set of registers is called 
the "Local TLB context," or LTLB (Local Translation Lookaside Buffer) context. 
The effect of this mechanism is to provide the facilities normally attributed to 
segmentation. However, in this system there is no extension of the address range, 
instead, segments are local nicknames for portions of the global virtual address 
space. 

For instructions executing at the two lease privileged levels (level 0 or level 1). a 
failure to match a LTLB entry causes an exception. This exception mav be 
handled by loading an LTLB entry and continuing execution, thus providing 
access to an arbitrary number of local virtual address ranges. 

Instructions executing at the two most privileged levels (level 2 or level 3) may 
access any region in the local virtual address space, when a LTLB entry matches, 
and may acess regions in the global virtual address space when no LTLB entry 
matches. This mechanism permits privileged code to make judicious use of local 
virtual address ranges, which simplifies the manner in which privileged code may 
manipulate the contents of a local virtual address range on behalf of a less- 
privileged client. 

A minimum implementation of an LTLB context is a single set of 
mask/match/xor/protect registers per thread. A single-set LTLB context mav be 
further simplified by reserving the implementation of the mask and match 
registers, setting them to a read-only zero value: 

63 32 31 16 15 Q 

I 0 I xor[t][i] I protectmliTl 

16 16 16 

If the largest possible space is reserved for an address space identifier, the virtual 
address is partitioned as shown below. Any of the bits marked as "local" below 
may be used as "offset" as desired. 



63 48 47 



local | offset | 

16 48 



Definition 

del GlobalVA.LocalProtect <- Loca!VirtualToGloba!VirtualAddressTranslation(th va p.) as 
LocalTLBMatch <- NONE 
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for i <- 0 to <<sets per thread>>-l 

» (va £ 3..48 & -LocalTLB[th]{i) 63 ^ 5 ) = LocalTLB[th][i] 47 32 then 
LocalTLBMatch i 

endif 
endfor 

if LocalTLBMatch = NONE then 
if pi < 2 then 

raise LocalTLBMiss 

endif 

GlobalVA <- va 
LocalProtect <- 0 

else 

GlobalVA <- (va S 3..48 A LocalTLBrm][LocalTLBMatch] 31 15 ) II va4 7 0 
LocalProtect *- LocalTLB[th][LocalTLBMatch] l5>> o 

endif 
enddef 

Global Virtual Cache 

The innermost levels of the instruction and data caches are direct-mapped and 
indexed and matched entirely by the global virtual address. Consequently each 
block of memory data is tagged with access control information and the high-order 
bits of the global virtual address. The current size of the virtual caches is 32 
kilobytes; for architectural compatibility, a minimum size of 8 kilobvtes and a 
maximum size of 1 megabyte is specified. The mapping of virtual addresses to 
physical may freely contain aliases, however, provided that either the associated 
regions of memory are maintained as coherent, or that the low order 20 bits of anv 
virtual cache aliases are identical. (20 bits reflects the size of the maximum IM 
byte virtual cache.) 

A virtual cache tag is contained in the buffer memory (described below). It is 
accessed in parallel with the virtual cache. The virtual tag must match, and the 
control information must permit the access, or a cache miss or exception occurs. 
There is one tag for each cache block: a cache block consists of 64 bytes, so for a 
32 kilobyte cache, there is 4 kilobytes of cache tag information for each cache. The 
protect field shown below is the concatenation of the access, state and control 
fields shown in the table below: 

£3 _ 13 12 0 

I global virtual tag | protect j 

51 13 

Definition 

The following function reads the data, tag, and protection bits from either the 
instruction (c=0) or data (c=l) cache, given a local virtual address. 

def data.GlobalVA.GIobalProtect <- ReadCache(c.va.size) as 

data <- cacheDataArray[cJ[vai4..a] 

GlobalVA <- cacheTagArray[c][vai4..6]63..l6 11 va i5..0 

GiobalProtect «- cacheTagArray[c][vat4..6ll5..0 
enddef 
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Translation and Protection 

Global virtual addresses are translated to physical addresses only upon misses in 
the virtual caches. The translation is performed by software-programmable 
routines, augmented by a hardware TLB, specifically, the global TLB. The global 
TLB labels a cache line with the physical and access information in the virtual 
cache tag. The global TLB contains a minimum of 64 entries and a maximum of 
256 entries. 
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A local TLB, global TLB or virtual cache entry contains the following information. 
The figures in parentheses are the actual size of the field contained, if only a sub- 
field is held in the entry. 



field name 


size 


description 


local 
TLB 


global 
TLB 


cache 
tag 


virtual 
address 


64 


virtual address (lowest 
address of region) 


'(16) 


✓ (58) 


✓ (50) 


virtual 

address 

mask 


64 


mask for virtual address 
match 


✓ (16) 


✓ (58) 




physical 
address 


64 


physical address xor 
virtual addrp^Q 

VII lUUl UUUI COS 


✓ (16) 


✓(58) 




reserved 




additional space in 
register 


✓ (2) 


✓ (2) 


✓ (1) 


caching 
conrroi 


2 


are accesses to this 
region incoherent (0), 
coherent (1), no-allocate 
(2), or uncached- 
physical(3)? 


✓ 


✓ 


✓(1) 


detail 
access 


1 


do portions of this region 
have access controlled 
more restrictively? 


✓ 


✓ 


✓ 


access 
ordering 


1 


are accesses to this 
region ordered weakly (0) 
or strongly (1) with respect 
to other accesses? 


✓ 


✓ 


✓ 


coherence 
state 


3 


if region is coherently 

cached, does coherence 

state permit read(4), 

write(2) t or 

r epiacemenn l ; ; 

if region is not coherently 

cached, does cache state 

require write-back(2) or 

not(0)? 


✓ 


✓ 


✓ 


read 
access 


2 


minimum privilege for 
read access 


✓ 


✓ 


✓ 


write 
access 


2 


minimum privilege for 
write access 


✓ 


✓ 


✓ 


execute 
access 


2 


minimum privilege for 
execute access 


✓ 


✓ 


✓ 


gateway 
access 


2 


minimum privilege for 
gateway access 


✓ 


✓ 


✓ 



information in local TLB, global TLB, or virtual cache entry 
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The bottom section of the table above indicates the contents of the 16-bit 
protection held: 



15 u 13 1? n iq g 

{ rv j cc | da | aoj 

12 11 



CS 



d 3 



2 i 



I W | 




5 7 



CS 



6 5 A 3 
r 1 w | x 



2 1 



' r c r ec r :cr> 22Zbg25TiSC /n iC^T^jcrc^ -acre tan 

. 13 . 12 . 11 . 1Q 5 7 65 

lcc|da|ao| cs | | 



4 3 



2 l 



. 13 , 12 , 11 , ,Q 5 7 6 5 4 3 

[cc|da|ao| cs I r | w [ 



? 1 



1 1 1 3 2 T 2 

Protection ■■nforr^fiiin n in ohvsir.a! nanhm ran 



T-5-1 



5 4 3 2 : 

lcc|da|aoj cs | 



i 1 1 

Memory Interface 

Dedicated hardware mechanisms are provided to fetch and store back cj:j b\oc::i 
in the instruction and data caches, provided that a matching entry can be feund :r. 
the global TLB. When no entry is to be found in the global TLB, an excer>::or. 
handler is invoked either to generate the required information from the virtual 
address, or to place an entry in the global TLB to provide for automatic handling 
of this and other similarly addressed data blocks. 

The initial implementation of Terpsichore partitions the remainder of the local 
memory system, including a second-level joint physical cache and a DRAM-bascd 
memory array, into a set of separate devices, called Mnemosvne. These devices 
are accessed via a high-bandwidth, byte-wide packet interface, called Hermes, 
which is largely transparent to the Terpsichore architecture. The Mnemosvne 
devices provide single-bit correction, double-bit detection ECC on all local 
memory accesses, and a check byte protects all packet interface transfers. The 
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depended SeC ° nd3r> ' ^ DRA * M mem ° r >- ar "- v is ^mentation- 

Cache Coherency 

The Terpsichore processor is intended for use in either a uniprocessor or 
multiprocessor environment At the high performance level intended fo 

, JS Snoop> ; bus «- " nn °t be effectivelv built, because the 

communication latency and bandwidth between processors would be excessive 
Several cache coherence mechanisms have been desiened for hish-perfomance 
processors that do not require that all memory transactions be bread a rTm o n g 
the processors .n , system, one or which is the Scalable Coherent Interface or 
SCI. as specified by the IEEE Standard 1596-1992. '"terrace, or 

The SCI cache coherence mechanism is extremely complex. M anv of the cache 

i T ° Peran0n j Cake P™? 0 ™^ ^0 the number of processor s involved 
m the operation, and so implicitly assume that the number of processors sharing 

S'-*^^ c ° be much Iess than the ^ p««!S»ysain a 

heoreticalh handle (SCI is now consioering an even more complex mechanism 
ompTete S ^ophm time complexity). Most imponamlv " no 

complete working prototype ot this mechanism has been built tested and 
benchmarked at the time of development of the Terpsichore architecture 

Lt™ n r^ Cred ,hen> uf ba L th , e Cache cohe ™« mechanism should not be 
m,p emented in imniutable, hardware state machines. A software implementation 
ot a cache coherence protocol is proposed, which given the high intrinsic 
performance ot the processor, is likely to reach nearlv the performance leve th t 
can be achieved in dedicated hardware. The greatest advantage. tWh is h 

experimental non-bus-oriented cache coherency operations. 

Cache coherence information is available within the local TLB. global TLB and 
the cache tags, so that coherence operations may be performed at task-level, page- 

l7l™ C ? Ck lCVel 35 dCSlred - Thl ? flexibUit >' P rovides for a coherent view 

ot memory in multiprocessing systems with varying degrees of coupling. 

Physical Addresses 

Physical addresses are 6-4 bits in size, consisting of a 16 bit processor node number 
and a 4o bit address. 

63 as 4 7 

1 node I LocalAddress " 1 
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Physical addresses in which the node number is zero reference the local 
processors local memory space, providing access to local memory, cache tags 
system and interface facilities. Physical addresses in which the node numbers' 
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nonzero reference other processor' ' local memory spaces, usins the Hvdra 
interlace tor communication. 

The local memory environment or' Terpsichore involves the use of up to twelve 
Hermes byte-wide packet communications channels, bv which Terpsichore can 
request read or write transactions cc Mnemosvne. Calliope, and Hvdra devices In 
addition lerpsichore can issue read or write transactions to the Cerberus serial 
bus interface, via which the Mnemosvne. Calliope. Hvdra and other devices' 
configuration and control registers can be accessed. The diagram illustrates shows 
one possible lerpsichore memory environment: 




Hermes channels 0 .7 are always used to connect Terpsichore to Mnemosvne 
memory devices. Hermes channels S..11 may be used to connect Mnemosvne. 
Calliope, or Hydra devices. 

Terpsichore provides three different mappings of the local memory environment 
in the local physical address space. The non-interleaved space provides for the 
access of all Mnemosyne, Calliope, and Hydra device memorv spaces such that 
each device appears as a single continuous space. The uniprocessor spaces 
provide for the interleaved access of one. two. or four sets of eight Mnemosvne 
devices on separate Hermes channels as a single continuous space, the 
multiprocessor spaces provide for the interleaved access of one, two. or four sets 
ot nine Mnemosyne devices on separate Hermes channels as a single continuous 
space with the ninth channel used as a cache coherency directory. " 

63 48 47 <10 39 3 



| node | space | SpaceLocalAddress" 



16 



] 



40 
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5? tHe SP l Ce f id d deterrr^nes the interpretation of the 48-bit local 

address held as given by the following table: 



value 




0 


nuiMhi-iiedvea herr.^s cnannei u 7 soace 


1 


iiui i-ii iier leaved Herrr.es cnannei 8 11 soace 


p 


5x1 -way mterleavea u.-iDrocessor memory soace 


*i 

O 


9xl-way mterleavea multiDrocessor memory soace 


A 
** 


8x2-wav mterleavea jn:orocessor memory soace 


O 


9x2-way mterleavea rr.uitiDrocessor memcrv soar* 


c 
D 


8x4-way inieneaveo ur.icrocessor memory soace 


( 


9x4-wav mterleavea rr.uitiDrocessor memory S Dac° 


8 




u 




10 


4x1 -way mterleavea u.nicrocessor memory space 


1 1 


5x1 -way mterleavea r- JtiDrocsssor memory space 


1 2 


4x2-wav mterleavea u-ioroces memory SDac° 


1 3 


5x2-way mterleavea r.jitiorocess-. • -.emery soac= 


1 4 


4x4-way interleaves uniprocessor me.— .-•/ SDac<=> 


15 


9x4-way mterleavea rr.uitiDrocessor mem.-; space 


16 




17 




18 


2x1 -way mterleavea uniprocessor memory space 


19 


.5x1 -way mterleavea multiDrocessor memory space 


20 


2x2-way mterleavea uniprocessor memory space 


21 


3x2-way mterleavea multiDrocessor memory space 


22 


2x4-way mterleavea uniprocessor memory SDace 


23 


3x4-way mterleavea multiDrocessor memory spac* 


24. .31 


Uerberus memory ana control space 


32. .255 





Non-inta rleavecl Hermes (Channel 0 .7 Sn&r* 

The non-interleaved Hermes channel 0..7 space provides a sincle continuous 
memory space for each device in Hermes channels 0..7. Mnemosvne protocols are 
used. Unly incoherent accesses are supported (no memory director.- tags). 

4 7 40 39 37 xx 34 

I -11 1 3 2 0 

I s=0 » c |m| addr n>~| 

8 3 2 ' 32 , 
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The range of valid values and the interpretation of the fields is men bv the 
toLlowing table: 



field 


value | interrelation 


s 


0 


Specify ncn-interleavea Hermes 
channel 0..7 space 


c 


0.7 


Hermes channels 0.7 


m 


0..3 


Module aaaress ~^ 


addr 


0.. 2^2-1 


Logical memory block address 


b 


0..7 


Paa for conversion ot byte address to 
block address 



Non-inreneaved H&rr&s cr<anr&> 8 "i Snare 

The non-interleaved Hermes channel 8 .11 space provides a sinale continuous 
memory space tor each device in Hermes channels 8..11. Either Mnemosvne or 
Calhope/Hydra protocols may be specified. Only incoherent accesses are 
supported (no memorv direetorv ta^st 

47 4Q 39 38 3? 36 35 34 

1 1 Mo M addr ~ 

8 122 32 



2 0 



The range of valid values and the interpretation of the fields is given bv the 
following table: 



field 


value 


interpretation 


s 


1 


Speciiy non-interleaved Hermes 
channel 8.. 11 SDace 


h 


0..1 


0: use Mnemosyne protocol 
1: use CalliODe/Hydra Drotocol 


c 


0..3 


Hermes channels 8..1 1 


m 


0..3 


Module address 


addr 


0..2 3 2-i 


Logical memory block address [ 


b 


0..7 


Pad for conversion of byte address to 
block address 



203 



Case 2:05-cv-00505-TJW Document 149 Filed 1 0/1 5/2007 Page 7 of 40 

WO 97/07450 PCI7US96/13047 



Uniprocessor ir-^n^ed Sosc?> 

The interleaved spaces described below interleave between 8 Hermes channels 
(U../). supporting only incoherent accesses (no memorv directory u«si 
.Mnemosyne protocols are used. ' I " 

a? 4Q 37 _ 

I = — I I - 6 3 3 2 C 

| s=2 |n| — ^ addr | c | b | 

3 3 . 
7 65 3 2 0 



addr 

8 1 52~" 



40 "38 



*7 4Q 39 

1 5=6 I addT 



8 7 65 3 2 0 



|ml c | b 1 



8 



32 



The interleaved spaces described below interleave between 4 Hermes channels 
» i or 4 - /K su PP°»ing only incoherent accesses (no memorv director,- cassi 
Mnemosyne prorocols are used. ' ~ 



I - „ n rn — i 5 4 3 2 0 

' 5=10 addr |cl b I 

8 1 2 32 ~ 2 3 

4 7 40 39:33 37 

I „ - GET ■ 6 5 4 32 0 

1 w T Hclbl 

1 32 12 3 

„ ^ II 7 6 5 4 3 2 0 

I 5=14 B ^dr ImlcTbH 
—g— ^ 32 2 2 3 

The interleaved spaces described below interleave between 2 Hermes channels 
IU..1, 2 3. 4..5, or 6../), supporting only incoherent accesses (no memorv directory 
tags). Mnemosyne protocols are used. 

47 40 39 M3 73s 35 a 32 0 

I s=18 | d |n| addr^ rSTbl 

e 22 t 2 : ifL-3-J 

47 40 3938 37 36 

r ■ I . i i 5 4 3 2 0 

I 5=20 » d l"l addr Hcj b | 

8 2 1 32 113 

47 40 3SM T 

I | . , 3 ' «. 6 5 4.3 2 C 

~b~] 



I ^=22 |d| addr 



8 2 32 2 1 3 
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foUowfng 8 Mble Valld ValUCS ' me:pretatlon of the f,elds " giver by the 



field 


value 


I irueroretanon 


! s 


2.4.6.10. 

12.14.18. 

20.22 


Scecny uniprocessor interleaven 
space 


d 


0..3 


Hign-oraer bits of Hermes channel 
numcer 


e 


0..7 


Low-order bits of Hermes channels 
number 


n 


0..3 ; 


Htgn-order bits of Hermes moduie 
address 


m 


0..3 


Low-order bits of Hermes module 
address 


addr 


0..232-1 


Logical memory block address ^ 


b 


0..7 


Pac Tor conversion ot byte to block 
address 



The Hermes channel number is constructed by concatenating the d and c fields: 

5 3 '-'-d 3 3938 3 

I c I or |d| c | or pTR 

3 i 2 2 2 



The Hermes module number is constructed by concatenating the n and 



m fields: 



37 36 



±* 5 4 

I "I or KH or [m] 

2 H 2 



Multiproc essor Interleaved Sogce 

The interleaved spaces described below interleave between 9 channels for 
multiprocessor. 



47 



[ 



40 37 

r 



6 5 3 2 0 



s=3 |n 

7 2 



addr 



32 



47 



40 38 



3 j 
7 65 3 2 0 



s=5 

7 1 



addr 



He Ibl 



32 



47 



40 39 



s = 7 | 

7 



1 3 3 
8 7 65 3 2 0 



addr 



m I c 



32 
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The ranee of valid values and che interpretation of the fields is given bv the 
following table: 



field 


value 


interpretation 


s 


3. 5.7 


oucunv iriierieaveo scace 


c 


0.7 


Mnemcsyne channels 0..7, before 
modification described below 


n 


0.3 


Htgn-orcer bits of Hermes module 
address 


m 


0..3 


Low-orcer bits of Hermes module 
address 


addr 


0.. 2^2-1 


Logicai memory block address 


b 


0..7 


Pad for conversion of byte to blocK 
address 



interleaved space field interpretation 

For the multiprocessor space the channel number field is modified bv che low- 
order memory block address bits according to the following tables In addition 
access to a location in this space also accesses a memory ta"g. using the Hermes 
channel specihed m the tables below. 



addr? o 




c 


tag 




0 


1 


2 


3 


4 


5 


6 


7 


0 


8 


1 


2 


3 


4 


5 


6 


7 


0 


1 


4 


5 


6 


7 


0 


8 


2 


3 




2 


8 


3 


0 


1 


6 


7 


4 


5 




3 


6 


7 


4 


5 


2 


8 


0 


1 




4 


1 


0 


3 


2 


5 


8 


7 


6 




5 


8 


4 


7 


6 


1 


0 


3 


2 




6 


3 


2 


1 


0 


7 


8 


5 


4 




7 


8 


6 


5 


4 


3 


2 


1 


0 





9 channei translation table 

The memory tag entry is an octlet value for each 64-bvte memorv block T'-e 
contents of the tag is interpreted by Terpsichore hardware to signifv -n. 3 ze-o 
value indicates that the memory block is not contained in the cache' i' ■ a value 
equal to the virtual address used to access the memorv block indicates that the 
value is cached at that address, and (2) any other values indicates that the value 
may be cached in multiple or remote locations and requires software intervention 
tor interpretation. 

Thus a read to a memory block accesses the tag, and if the value is zero fills it with 
the virtual address via which the access occurred. When the memorv block is 
returned to memory, the tag is accessed, and if the value is equal to the virtual 
address the tag is reset to zero. In all other cases, an exception occurs, which is 
handled by software to implement the cache coherency mechanisms. 
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^Xe also need to have a space available in which access to the ta° via software 
routines is straightforward - the non-interleaved space makes the^tag available, 
but not conveniently. 

Se r: a ; Bus Soace 

The Cerberus serial bus space provides access to a memory space in which 
Bootstrap ROM code. Terpsichore. Mnemosyne and Calliope configuration data, 
and other Cerberus peripherals are accessed. The Cerberus serial bus is specified 
by the document: "Cerberus Serial Bus Architecture/' Terpsichore configuration 
data is accessable via Cerberus as a slave device as well as via this address^space. 

1 1 1 



27 26 



^9 13 



3 2 0 



net 



node 



addr 



ID 



16 



S 



15 



The range of valid values and the interpretation of the fields is given by the 
following table: 



field 


vaiue 


interoretanon 


3 


3 


Specify CerDerus space 


net 


0..2 1 M 


Specify Cerberus net address 


node 


0..255 


Cerberus node address 


addr 




Logical memory block address 


b 


a. 7 


Pad for conversion of byte address tc 
block address i 



Cerberus space fiela interpretation 



Control Register Addresses 

This section is under construction. 

Local TLB (4 octiets) 

Virtual cache tags (2k-128k x 2 caches} 

Virtual cache data (16k-1M x 2 caches) 

Global TLB (4 octiets x 64-256 entries=2k-8k bytes) 
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Events and Threads 

f E h X "^ 0nS si ? nal several kinds of events: (11 events chat are indicative of failure of 
the soit^re or hardware, such as arithmetic overflow or paritv error (?) event 

^"nts 'that r T tUaI Pr T S m ° dd ^ h 35 --slauon buffi; msse S 
U) events that infrequently occur, but mav require corrective action such as 

floating-point underflow. In addition, there are (4) external even ts th at cause 
KkS^" COm ^ M as completion of I SS tXZ 

e^etni^d!^/ 5 ^^ 11 " the interru P"°" of the current flow of 

execution, handling ot the exception or event, and in some cases, deschedulin* of 
he current task and rescheduling of another. The Terpsichore proces or provfde 

u u well-Known UNIX process model into two parts one called a task 

t^^T^ 1 ^ 1 ^ SPaCC - flIc -d -urce scat anV the 
renter f le state ^ludes cne program counter, stack space, and other 

register tile state. The sum o a Mach task and a Mach thread exactly equals one 

th^ds P Sn e one a n n ? 0 the ^ m ° dd * 1Ws 3 task 10 be associated w!T sever" 
!hread is^unnm? " "* ™ " ^ " ^ ™ h ° nC 

In the taxonomy of events described above, the cause of the event mav either be 
synchronous to the currently running thread, generally types T 2 anc 3 o: 
asynchronous and associated with another task fnd thread" th t s not current! 
S fu^^KV" ^ S >- nchronou , s Terpsichore will suspend the 

hS h i I / the current task, and continue execution with I another 
T/rnlwI 1S , dedlcated £0 lhe handling of events. For asynchronous events 

necessanh suspending the currently running thread. 

Terpsichore provides sufficient resources for the interleaved execution of at least 
least oit e o a a ; r COntaU,in ! 64 , 8Cneral rCgisterS and a P r °g fam countermand 
counte ■ \S„ £rhT ^ 16 gCneral r ^ lSters and a P"*™ 

L b0t t thr J Cads 3re able to continue execution, priority is generally 
given to the event threads. ' e 

;hL fa e C £ eS m l lhe eXCCpn P n - me ™ or >' ^^agement, and interface svstems are 
themselves memory mapped, in order to provide for the manipulation of these 
aclmes by high- evel language, compiled code. In particular, the thread 
r abffJ re J A threads , are memory-mapped so that the exception threads 
are able to read and write the general registers and program counter of the full 
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Events are single-bit messages used to communicate the occurrence of exceptions 
between lull threads and event threads and interface devices. 



event 



The event register appears at several locations in memory, with sliuhtlv different 
side effects on read and write operations. 



offset 


side effect on read 


sics errect on write 


0 


none: return event register 
contents 


normal: write aata into event 
reaister 


8 


stall thread until contents of 
event register is non-zero, then 
return event reaister contents 


stall tnread until bitwise ana of 
data and event register contents 
is non-zero 


16 


return zero value (so reaa- 
modify-write for byte/dcublet/ 
quadlet store works) 


one ons m aata set (to one) 
corresponding event register 
bits 


24 


return zero vaiue (so reao- 
modify-write for byte/dcublet/ 
auadlet store works) 


one pits in aata clear (to zero) 
corresoondhg event reaister 
bits 



interface devices signal events by responding to non-blocking read requests 
generated by a write to a Terpsichore control register. The response to these read 
requests is combined into the event register with an inclusive-or operation. 



event daemon address 

64 



A write to the event daemon address register causes Terpsichore to issue a read 
request to the corresponding physical address. The device referenced bv this 
request may respond at any future time with a value, which is mclusive-or'ed into 
the event register. 

The following notes list the resources needed to support the threads... 
Events: 

0 full thread 0 suspended at instruction fetch because of exception 

1 full thread 0 suspended at data fetch because of exception 

2 full thread 0 suspended at execution because of exception 

3 full thread 0 suspended at execution because of empty pipeline 
4-15 same for full threads 1-3. 

16-63 timer, calliope, and hydra events 
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Thread resources. 

General registers at data fetch stage 
General registers at execution state 
Program counter, privilege level at data fetch staae 
Program counter, privilege level at execution staqe 
Mask register: events which permit the thread to run 
Mask register: events which prevent the thread to run? 
Control register: suspend .fetch, dfetcn. execute thread orioritv 
Local TLB entries (full threads only) P 0 ty 

Exception information registers, 
exception cause 

instruction which caused exception 
virtual address at which access attempted 
size of access attempted 
type of access (read, write, execute, gateway) 
did exception occur at lower or higher addr if cross boundary? 
don t need - reg>ster contents (can get from mem map Gfl) b0Undary 

Sort by stage: 
Inst fetch stage: 

program counter 

suspend (drain queue), 
reset(clear queue), 
proceed past detail 

Data fetch stage: 

Genera! registers 

program counter, privilege level 

control register: 

suspend (drain queue). 

reset (clear queue) 

proceed past detail 
exception state: cause(incl access type, size, boundary 

local TLB hit indication), inst 
can compute local va from GR, inst: 

shift-and-add-Ioad-shiftl-shiftr-add (7) 
computing global va is hard...=> need global va register 

l^SSS^S^^ inSt ' 16 " WOrd table: shift and add l0 *d (4 ) 
prefetched data, instruction queue 

clear queue 

drain queue 

Execute stage: 

General registers 

program counter, privilege level 

control register: suspend 

exception state: cause(flt/fix arithmetic), inst 
Exceptions: 
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numoer 




0 


Access aisailoweo cv taq 


1 


Access detail reauired bv taa 


2 J 


Cacne coherence action reauirea bv tan 


3 


Access disavowed bv virtual aadrpss 


4 


Access disallowed cv global TLB 


0 


Access detail reauirea bv aionai Ti R 


6 


Cacne coherence action rpnuirpri hw ninhsi *n d 


7 


Glooal TLB miss 


8 


Access disallowec cv local TLB 


9 


Access detail reauired by local TLB 


10 


Cacne coherence action reauired by local TLB 


11 


Local TLB miss 


12 


Floating-point arithmetic 


13 


Fixed-point arithmetic 


14 


Reserved instruction 


15 





Parameter passing 

There are no special registers to indicate details about the exception, such as the 
virtual address at which an access was attempted, or the operands of a floating- 
point operation that results in an exception. Instead, this information is available 
via memory-mapped registers. 

When a synchronous exception occurs in a full thread, the corresponding thread's 
state is trozen. and a general event is signalled. An event thread should handle the 
exeception. in whatever manner is required, and then mav restart the full thread 
by writing to the full thread's control register. 

\Vhen a synchronous exception occurs in an event thread, an immediate transfer 
ot control occurs co the machine check vector address, with information about the 
exception available in the machine check cause field of the status register. The 
transfer of control may overwrite state that may be necessary to recover from the 
exception: the intent is to provide a satisfactory post-mortem indication of the 
characteristics of the failure. 



Exceptions in detail 

This section is under construction. Terpsichore has changed from passing the 
parameters in registers to passing the parameters in memory-mapped registers, 
and the information in this section doesn't reflect the changes yet. 

This section describes in detail the conditions under which exception occurs, the 
parameters passed to the exception handler, and the handling of the result of the 
procedure. 
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Access dissilowp ri by tag 

This exception occurs when a read (load), write (store), execute or gateway 
attempts to access a virtual address tor which the matching virtual cache entrv 
does not permit this access. 

int AccessDisallowedByTag(int address, int size, int access) 
Cesarean 

The address at which the access was attempted is passed as address. The size of 
the access m bytes is passed as size. The type of access is passed as access, with 0 
meaning read, meaning write. 2 meaning execute, and 3 meaning gateway. The 
exception handler should determine accessibility, modify the virtual memory state 

restarted and the access will be retried. 

Access oeta;! rem lired bv t=-c 

This exception occurs when a read (load), write (store), or execute attempts to 
access a virtual address for which the matching virtual cache entrv would permit 
this access, but the detail bit is set. ' 

PrptotyQS 

int AccessDetailRequiredByTagUnt address, int size, int access) 

Descriot ; cn 

The address at which the access was attempted is passed as address. The size of 
the access in bytes is passed as size. The type of access is passed as access with 0 
meaning read meaning write, 2 meaning execute, and 3 meaning gateway The 
exception handler should determine accessibility and return if the access should 
be allowed. Upon return, execution is restarted and the access will be retried If 
the detail bit is set in the matching virtual cache entry, access will be permitted. 

Cache c oherence action r&nuirec! hv tag 

This exception occurs when a read (load, execute, or gateway), write (store) or 
replacement attempts to access a virtual address for which the coherence state of 
the matching virtual cache entry cannot permit this access. 

Pretence 

int CacheCoherence InterventionRequireddnt address, int size, int access) 
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The address at which the access .was attempted is passed as address The size of 
the access in bytes ts passed as size. The type of access is passed as access with 0 
meaning read, 1 meaning write, 2 meaning replacement. The exception handler 
should modiiy the cache status to make the cache line accessible. Upon return 
execution ts restarted and the access will be retried. 

Access cissiicwed hv nicks' ZL5 

This exception occurs when a read (load), write (store), execute, or gateway 
attempts to access a virtual address for which the matching global TLB entrv does 
not permit this access. 



. k 



tob/oe 



int AccessDisallowedByGlobalTLBiint address, int size, int access) 

Descriptor 

The address at which the access was attempted is passed as address. The size of 
the access in byres is passed as size. The type of access is passed as access with 0 
meaning read 1 meaning write. 2 meaning execute, and 3 meaning gatewav. The 
exception handler should determine accessibility, modify the virtual memorv state 
it desired, and return it the access should be allowed. Upon return, execution is 

T l I tHe aC " SS wU1 be retried If the detail bit » set in the matching 
global 1LB entry, access will be permitted. 

Access detail rem lired bv global 77 R 

This exception occurs when a read (load), write (store), execute, or gatewav 
attempts to access a virtual address for which the matching global TLB entrv 
would permit this access, but the detail bit in the global TLB entry is sec. 

P-ororvoe 

int AccessDetailRequiredByGlobalTLBUnt address, int size, int access) 
Description 

The address at which the access was atrempted is passed' as address. The size of 
the access in bytes is passed as size. The type of access is passed as access, with 0 
meaning read, 1 meaning write, 2 meaning execute, and 3 meaning gatewav. The 
exception handler should determine accessibility and return if the" access should 
be allowed. Upon return, execution is restarted and the access will be forced to be 
permitted. If the access is not to be allowed, the handler should not return. 
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Cache cohere nce acrh r r^< »-», alnhPj 77 3 

This exception occurs when a read (load, execute, or gateway) write (store) or 
replacement attempts to access a virtual addr P « f« r l l l ISt0re '- or . 
die nu.ch.ng global TLB e „,ry J£ p« s 'tcc^ C ° he,t "" — °' 

int CacheCohercnce Inten-entionRequirediint address, int size, int access) 

Descrinric^ 

The address at which the access was attempted is passed as address The sue of 
return, execuuon is restarted and the access will be retried accessible - L P° n 

Global t_s miss. 

This exception occurs when a read (load), write (stor») ,v,rm, 

attempts to access a virtual address for which no global TLB wcU '™ 

P'Ctntvne 



void GlobalTLBMissfint address, int size, int access) 
Description 

The address at which the global TLB miss occurred is passed as address The size 
of the access ,„ bytes is passed as size. The type of access is passed a 7a ess with 5 
meanmg read meaning write. 2 meaning execute, and 3 meaning gateway The 

STrotecdo n n d fc &" dd^ \f M ^ ^ which ^dSSSuS 

& p :» tats^jr return> execution 15 restaned and the ^ ,obai 

Access riisallnw&ri bv local 77 R 

This exception occurs when a read (load), write (store), execute or mtewav 

z^&zzr* address for which tKe a ira 

int AccessDisallowedByLocalTLB(int address, int size, int access) 

■ Description 

The address at which the access was attempted is passed as address. The size of 
the access m bytes is passed as size. The type of access is passed as access, with 0 



214 



Case 2:05-cv-00505-TJW Document 149 Filed 10/15/2007 Page 18 of 40 

WO 97/07450 PCT/US96/13047 



meaning read. 1 meaning write. 2 meaning execute, and 3 meaning gateway. The 
exception handler should determine accessibility, modify the virtual memory state 
if desired, and return if the access should be allowed. Upon return, execution is 
restarted and the access will be retried. 

Access ce:aii required cv tcca : ^LB 

This exception occurs when a read iload). write (store), execute, or gateway 
attempts to access a virtual address for which the matching local TLB entrv would 
permit this access, but the detail bit. in the local TLB entry^is set. 

int AccessDetailRequiredByLocalTLBiinc address, int size, int access) 

Descrpton 

The address at which the access was attempted is passed as address. The size of 
the access in bytes is passed as size. The type of access is passed as access, with 0 
meaning read, 1 meaning write, 2 meaning execute, and 3 meaning gateway. The 
exception handler should determine accessibility and return if the access should 
be allowed. Upon return, execution is restarted and the access will be forced to be 
permitted. If the access is not to be allowed, the handler should not return. 

Cache coherence action recused bv iocal 7L5 

This exception occurs when a read (load, execute, or gateway), write (store), or 
replacement attempts to access a virtual address for which the coherence state of 
the matching local TLB entry cannot permit this access. 

Prototype 

int CacheCoherence InterventionRequirediint address, int size, int access) 
Description 

The address at which the access was attempted is passed as address. The size of 
the access in bytes is passed as stze. The type of access is passed as access, with 0 
meaning read, 1 meaning write, 2 meaning replacement. The exception handler 
should modify the virtual memory state to make the local TLB accessible. Upon 
return, execution is restarted and the access will be retried. 

Local TL3 miss 

This exception occurs when a read (load), write (store), execute, or gateway 
attempts to access a virtual address for which no local TLB entry matches. 

ProtoP/oe 

void LocalTLBMiss(im address, int size, int access) 
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The address at which the local TLB miss occurred is passed as address. The size of 
the access in bytes is passed as size. The type of access is passed as access, with 0 
meaning read 1 meaning write, 2 meaning execute, and 3 meaning gatewav. The 

2^ felft Sh L UW ,0 r 3 bCal TLB emr >' " hich defines ^translation and 
protection tor this address. Upon return, execution is restarted and the local TLB 
access will be attempted again. 

ricatinc-ooint arithrnyrir . 

quad FloatingPointArithmetidint inst, quad ra. quad rb, quad rc) 

Oescncfr.r 



The concents of the instruction which was the cause of the exception is passed as 
tr.st. and the contents ot registers ra. rb and rc are passed as ra. rb and rc The 
exception handler should attempt to perform the function specified in the 
instruction and service any exceptional conditions that occur. The result of the 
tunction is placed into register .rc or rd upon return. 

Fixed-coint ariihm&tir. 

int FixedPoiniArithmetidint inst. int ra, int rb) 

Descrict'on 

The contents of the instruction which was the cause of the exception is passed as 
inst and the contents of registers ra and rb are passed as ra and rb. The exception 
handler should attempt to perform the function specified in the instruction and 
service any exceptional conditions that occur. The result of the function is piaced 
into register rb or rc. 

reserved Instruction 

ProtQtYQQ: 

int ReservedInstruction(int inst, int ra. int rb) 

Description. 

The contents of the instruction which was the cause of the exception is passed as 
tnst and the contents of registers ra and rb are passed as ra and rb. The result of 
the function is placed into register rd. 
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Access Djsaljcyved, bv visual scc's^c* 

This exception occurs when a load, score, branch, or gateway refers to an aligned 
memory operand with an improperly aligned address. 

int AccessDisallowedByVirtualAddress(int inst. in: address) 

CescrQiipn: 

The contents of the instruction which was the cause of the exception is passed as 
tnst. and the address at which the access was attempted is passed as address. 

Clock 

Each Euterpe processor includes a clock that maintains processor-clock-cvcle 
accuracy. The value of the clock cycle register is incremented on everv cvcle. 
regardless of the number of instructions executed on that cvcle. The clock cvcle 
register is 6-1 -bits long. 

For testing purposes the clock cycle register is both readable and writable, though 
in normal operation it should be written only at system initialization time; there^is 
no mechanism provided for adjusting the value in the clock cycle counter without 
the possibility of losing cycles. 

53 0 

1 clock cycle j 

64 

Clock Event 

An event is asserted when the value in the clock cycle register is equal to the value 
in the clock match register, which sets the specified clock event bit in the event 
register. 

For testing purposes the clock match register is both readable and writable, 
though in normal operation it is normally written to. 



63 






0 


| clock match | 




64 






63 




6 


5 0 


0 


clock 
event 




6^ 




6 
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Watchdoo Timnr 

A Machine Check is asserted when the value in the clock cvcle roister is eaual to 
the value in the watchdog timer register. ' rc = 15ter ls ec i ual 10 

The watchdog timer register is both readable and writable, though in normal 
Z S Z° n r "7 USUaUy an ^P« iodi "^ -""en with a sufficiently large alu tha 
tte r ?" S ^ eqUd ChC ^ fa ^ register before " 



time it is written. 
53 

r 



watchdog timer 



Tally Counter 

Each Euterpe processor includes two counters that can tallv processor-related 

counter registers do not signal Euterpe events. ' 
It is required that a sufficient number of bits be implemented so that the tallv 

.XteTT 4 GlSdoS TT freqUemIy th3n ° nCC --d a 32 h b,tfis 
wlleneve^^^ -implemented bits must be zero 

^Lbt^fHr? 05 " CaCh P f the Call> ' COUmer re * iscers are ^adable and 

untable, though in normal operation each should be written onlv at system 
iniualizanon time; there is no mechanism provided for adjusts the value fa the 
event counter registers without the possibility of losing counts. 
63 

r ■ 



tally counter 0 | 

' 64 ' ■ 1 



63 

r 



tally counter 1 



64 — — 

to h tajiy lIy C ° Umer C ° mr01 reglStCr SClCCtS 006 CVem f ° r " Ch 0f thc event coun ^rs 
p 32 31 t 6 15 o 

I 0 [tally control o jtaTTy control 11 

32 re 16 1 
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The 



valid values tor the tally control fields are given by the following table 



value 




0..63 


tally events 0..63 


64 


freeze counter: count nothinq 


65 . 


taily instructions Drccesssd bv addr-ss unit 


66 


tally instructions processed by execute unit 


67 


tally instruction cacne misses 


68 


tally data cache misses 


69 


tally data cache references 


70.. 
65535 


Reserved ' ■ ■ — 


[any control field interpretation 



Control Re aistRr Aririr^^ 

This section is under construction. Software and hardware designers should nor 
SSSSa befow: the VdUe 0t 3ddreSSCS tr ° m tHe «*■ » the 
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physical aggress 



description 
event register 
event register -.vrr, sf aTT 
event register z\: set 
event register ci: ::ear 



event daemon actress 



tu»» thread 0, gere-al register 0, gars fprrh cr~ 



run thread 0, osrsrai reoisrer 63. r^ra fetch 



full thread 0 
fetch state 
full thread 0. 



rc=ram counter ang privilege level, data 



t register, data retch state" 



full thread 0. stat-s register, data fptm ct a ~ 



fun tnread 0. e ererai register u, execution stioT 



run thread 0. ce-e-ai register 63. execution staSS" 



full thread 0 
execution state 



m counter ana privilege level. 



tun thread 0. ccr;.-oi register. exft nitinnTt^T 

tl ill tKmn/^ r\ ^ . ^ 



full thread 0. stsrjs register. exegutoTitaqe 
event thread 0 T — ~ — ! — 



cenerat register 0. data fetch staoe 



event thread u. general register lb. data fetchTt^T 



eventlhread u. program counter and privilege ieve> 
data fetch state 



event thread 0. ccntrol register data fetch 



event thread o, s:a;us register, data fetch state 



event threag u. general register 0. execution s;a~« 



event thread 0. general register 15. execution" 



event thread u. program counter and privilege \*** 
execution state * " 



event threa d u. control register, exe cution stan 



event thread o. status register, execution staaa* 



local TLB entry 0 



local TLB entry 1 



local TLB entry 2 



local TLB entrv 3 



clock cycle reoisier 



clock match register 



clock event ccntroi register 



tally counter 0 



tally counter i 



tally control 0/1 
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Reset and Error Recovery 

Certain external and internal events cause the Euterpe processor to invoke reset 
or error recovery operations. These operations consist of a full or pa tial reset o 
critical machine state, including initialization of the event thread to begin fetchin* 
instrucnons trom the start vector address. Software mav determine the ure of 
he reset or error by reading the value of the Cerberus control register in which 
inding the reset bit set (1 indicates that a reset has occurred, finding the clear bit 
et (1) and the reset bit cleared (0. indicates that a loeic clear has occurred and 

oc urL S'K C T C,£ar bUS d L " red <0) indicate " s that a ™^ has 
occurred \Vhen either a reset or machine check has been indicated, the contents 

ot the Cerberus status register contains more detailed information on the cause. 

Reset 

A reset may be caused by a Cerberus reset, a write of the Cerberus control 

ItdtLtl P ? ^ l0 ,°f S ' SCt tHc '° CaI 1X8 10 transJate aI1 local 
addresses to equal physical addresses, and initialize a single event thread to begin 
execution at the start vector address. g 

?nf!ZT e Z St3te ! S undefined b > reset a ^ must be explicitlv initialized bv 
f er ^ri : n 0 f CXP u CUly in u clud «. the . m ain thread state, global TLB state, 
supe spring state Hermes channel interlaces, Mnemosyne memory and Cerberus 
interface devices. The code at the star: vector address is responsible for initialize 
these remaining system facilities, and reading further bootstrap code from a series 
or standard interface devices to be specified. 

Power-on Reset 

A reset occurs upon initial power-on. Tne cause of the reset is noted bv initializing 
the Cerberus status register and other registers to the reset values noted below. " 

Cerberus-grounded Reset 

A reset occurs upon observing that the Cerberus SD data signal has been at a 
logic low level for at least 33 cycles of the Cerberus SC clock signal. The cause of 
the reset is noted by initializing the Cerberus status register and other registers to 
the reset values noted below. 

Cerberus Control Register Pe^et 

A reset occurs upon writing a one to the reset bit of the Cerberus control register 
Iae cause of the reset is noted by initializing the Cerberus status register and 
other registers to the reset values noted below. 
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Meitdown Dej^cjed Reset 

A reset occurs if the temperature is above the threshold set bv the meltdown 
margin held ot the Cerberus conhguration register. The cause of the reset is noted 
by setting the meltdown detected bit of the Cerberus status register. 

Double Machine* Check Pe<=er 

i^\rhZ"ri S l Se c COnd , m 1f hin ! check occurs thac P^vents recover? from the 
hrst machine check. SpecihcalJy, the occurrence of an exception in event thread 

r^ li? '""I. erroro , rC !. rb « us transaction error while any machine check 
cause bit is still set in the Cerberus status register results in a double machine 
check reset. The cause of the reset ,s noted by setting the double machine check 
dk ot the Cerberus status register. 

Clear 

Writing a one to the clear bit of the Cerberus control register invokes a logic clear 
A logic clear causes the Euterpe processor, to set the comWation to the power 
and swing levels written in deterred state to the Cerberus power and swing 
registers, conhguration register and Hermes channel configuration registers 
stabilize the phase locked loops, set the local TLB to translate all local virtual 
addresses to equal physical addresses, and initialize a single event thread to be<>in 
execution at the start vector address. The cause of the clear is noted bv leaving 
the clear bit ot the Cerberus control register set to a one (1) at the end of the logic 



Machine Cheok 

Detected hardware errors such as communications errors in one of the Hermes 
channels or the Cerberus bus, a watchdog timeout error, or internal cache paritv 
errors, invoke a machine check. A machine check will set the local TLB to 
translate all local virtual addresses to equal physical addresses, note the cause of 
the exception in the Cerberus status register, and transfer control of the event 
thread to the start vector address. This action is similar to that of a reset, but 
cutters in that the configuration settings, mam thread state, and Cerberus and 
Mnemosyne state are preserved. 

Recovery from machine checks depends on the severity of the error and the 
potential loss of information as a direct cause of the error. The start vector address 
is designed to reach instruction memory accessed via Cerberus, so that operation 
ot machine check diagnostic and recovery code need not depend on proper 
operation or contents of any Hermes channel device. The program counter and 
register tile state of the event thread prior to the machine check is lost (except for 
the portion of the program counter saved in the Cerberus status register* so 
diagnostic and recovery code must not assume that the register file state is 
indicative of the prior operating state of the event thread. The state of the main 
thread is trozen similarly to that of a main thread exception. 
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Machine check diagnostic code determines the cause ot the machine check from 
the processors Cerberus status register, and as required, the Cerberus starus and 
other registers of devices connected to the BvteChannels. Anv outstandin* 
memory transactions may be recovered by a combination of software to re-issui 
outstanding writes, and by aborting and restarting the main thread execution 
pipeline to purge outstanding reads. 

Because Cerberus operates much more siovvlv than the peak speed of the Euterpe 
processor under normal operation, machine check diagnostic and recover/ code 
will generally consume enough rime that real-time interface performance carets 
mav have been missed. Consequently, the machine check recoverv software mav 
need to repair further damage, such as interface buffer underruns and overruns 
as may have occurred during the intervening time. 

This final recovery code, which re-inicializes the state of the interface svstem and 
recovers a Junctional event thread state, may return to using the 'complete 
machine resources, as the condition which caused the machine check will have 
been resolved. 



The iollowing table lists the causes of machine check errors. 
Parity or uncorrectable error in Eutsrce cacne 



Parity or uncorrectable error in Mnemosyne cache 



Partty or uncorrectable error in Calliope memory 



Parity or uncorrectable error in svsiem-level memory 
Communications error in Hermes cnanneis 



Communications error in Cerberus bus 



Event Thread exception 



Watchdog timer 



machine cneck errors 
Pantv or Uncorrectable EHQL 12 Cacne 

When a parity or uncorrectable error occurs in a Euterpe or Mnemosvne cache, 
such an error is generally non-recoverable. These errors are non-recoverable 
because the data in such caches may reside anywhere in memorv. and because 
the data in such caches may be the only up-to-date copy of that memorv contents. 
Consequently, the entire contents of the memory store 'is lost, and the severity of 
the error is high enough to consider such a condition to be a system failure. 

The machine check provides an opportunity to report such an error before 
shutting down a syscem for repairs. 

There are specific means by which a system may recover from such an error 
without failure, such as by restarting from a system-level checkpoint, from which a 
consistent memory state can be recovered. 
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When a parity or" uncorrectable error occurs in \ln, mn «vn. a, r n- 
such an error may be partiallv recoverable The omen loi^^A^^i 
memory is lost, and consequently the tasks assort I a " £Cted area ot 
generally be aborted or resumed from aSS0 , cla ' ed , xnth ^at memory must 

the affected memorvcan be7ecovS f n ch ^kpo.nt. If the contents of 

possible. - rec °^ trom mass storage, a complete recovery is 

If the affected memorv is that of a critical Darr nf rk= „ 

condition is considered a svstem failure unU, operating system, such a 

from a system-level checkpoint can be a«cmplished 

Co^m, -nnatinn* f=^nr in .Sp^ Cngnng/g 

A communications error in Hermes channels, such as a check bv-re error 
command error, or umeout error, is generally fully recoverable. ' 

Bits corresponding to the affected Hermes channel are <er in rk» 
Harmas channel? ' es ' st " of " ch dcvlct °" *' 

A communications error in the Cerbemc L, t o.,,u r l 

A watchdog timeout error indicates a general software or hardware failure Such 
an error is generally treated as non- recoverable and fatal. arQWarC tailUre - buch 

Event Thread ExQggtion 

When an event thread suffers an e\ceDtion the cause n ( ,U~ - j 
gnion of t h, vinual address a, rtich T „«pdT=cl a5 S3 talhe 
should K A IUS r T K '' B5C "" C under n ° mal crcumstancas. the ™m Lad 
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Start Vector Address 

The start vector address is used to initialize the event thread with a proeram 
counter upon a reset clear or machine check. These causes of such initialization 
can be differentiated by the contents of the Cerberus status register. 

The start vector address is a virtual address which, when ' translated" bv the local 
TLB to a physical address, is designed to access node number zero on the local 
Cerberus network, which will ordinarily contain an interface to the bootstrap 
ROM code. The Cerberus/Bootstrap ROM space is chosen to minimize the 
number ot internal Terpsichore resources and Terpsichore interfaces that must 
be operated to begin execution or recover from a machine check ' 



! virtual address 


description I 


I UXUUU3 0000 0000 0000 


start vector address I 



Bootstrap Onrfe 

Bootstrap code requirements are a necessary part of the Terpsichore Svstem 
Architecture, but remains to be specified in a later version of this document. ' 

The basic requirements of Terpsichore bootstrap code include power-on 
initialization ot Euterpe. Calliope, and Mnemosyne devices, using Cerberus 
control registers; handling of machine checks, selection of an interface from which 
further bootstrap code is obtained. Interfaces should be scanned in a prioritv- 
based ordering which gives highest priority to removable/replaceable read-onlv 
storage devices, then removable/replaceable read-write devices, then network 
interlaces, then non-removable storage devices. 

Cerberus Register* 

Cerberus registers are internal read/only and read/write reaisters which provide 
an implementation-independent mechanism to querf and control the 
configuration of devices in a Terpsichore system. Bv the use of these registers, a 
user ot a Terpsichore system may tailor the use of the facilities in a general- 
purpose implementation for maximum performance and utility. Conversely, a 
supplier ot a Terpsichore system component may modifv facilities in the device 
without compromising compatibility with earlier implementations. These registers 
are accessed via the Cerberus serial bus. 

As a device component of a Terpsichore system, each Euterpe processor contains 
a set ot Cerberus-accessable configuration registers. Additional sets of 
configuration registers are present for each additional device in a Euterpe system 
including Mnemosyne Memory devices, and Calliope interface devices. 

Read/only registers supply information about the Terpsichore system 
implementation in a standard, implementation-independent fashion. Terpsichore 
software may take advantage of this information, either to verifv that a compatible 
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implementation of Mnemosyne is installed, or to tailor the use of the part to 
conform to the characteristics of the implementation. 

The read/only registers occupy addresses 0..5. An attempt to write these registers 
may cause a normal or an error response. 

Read/write registers select operating modes and select power and voltase levels 
tor gates and signals. The read/write registers occupy addresses 6..9 and 25. .43. 

Reserved registers in the range 10..24 and 44..63 must appear to be read/onlv 
registers with a zero value. An attempt to write these registers mav cause a normal 
or an error response. 

Reserved registers in the range 64..2'M may be implemented either as read/onlv 
registers with a zero value, or as addresses which cause an error response if reads 
or writes are attempted. 

The format of the registers is described in the table below. The octlet is the 
Cerberus address of the register; bits indicate the position of the field in a register. 
The value indicated is the hard-wired value in the regisrer for a read/onlv register, 
and is the value to which the register is initialized upon a reset for a read/write 
register It a reset does not initialize the field to a value, or if initialization is not 
required by tnis specification, a * is placed in or appended to the value field The 
range is the set of legal values to which a read/write register may be set The 
interpretation is a brief description of the meaning or utility of the register field: a 
more comprehensive description follows this table, 
octlet bits 
0 63.. 16 



15. .0 



octlet bits 
1 63.. 16 



15. .0 



field name 


value ranoe 


interoretation 


architecture 
code 


0x00 
40 
a3 
24 
69 
93 




Identifies processor device as 
compliant with MicroUnity Euterpe 
processor architecture. 


architecture 
revision 


0x01 
00 




Device complies with architecture 
version 1.0. 


field name 


value ranoe 


interoretation 


implementor 
code 


0X00 

40 

a3 

62 

b6 

7t 




Identifies. Euterpe processor device 
as implemented by MicroUnity. 


implementor 
revision 


0x01 
00 




Implementation version 1.0. 



226 



Case 2:05-cv-00505-TJW Document 1 49 Filed 1 0/1 5/2007 Page 30 of 40 

WO 97/07450 PCT/US96/1 3047 



octlei bus 
2 63.. 16 



octlet 
3 



cctlet 



15. .0 

bits 
63.. 16 



bits 

63.. 60 
59.. 56 
55. .54 

53 

52 

51..48 
47 
46 

45 

44. .40 

39 
38 

37 
36..32 

31. .30 
29. .28 
27. .24 
23. .21 
20.. 16 
15. .0 



Meld name 


value 




interpretation 


manufacturer 
code 


OxOC 

40 

a3 

69 

db 

3f 




Identifies initial manufacturer of 
Euterpe crcces'<;or rtpv/iro 
implemented by MicroUnity. 


manufacturer 
revision 


0x01 
00 




Manufacturing version 1.0. 


field name 


value 




mterDretation 


serial 
number 


0 




This device has no serial number 
caDability. 


dynamic 
address 


0 




This device has no dynamic 
addressing capability. 


iitriu 'iditie 


valu© 


ra ** z 5 


interDrstation 


A 


A 


U. . I D 


size of a Hermes address 


log 2 W 


3 


0.15 


size of a Hermes word 


Q 


□ 




reserved 


1 


0 


0..1 


set if support for Icarus 


i 


1 


0..1 


log2 Hermes words per interleave 
block 


H 


2 


0..15 


number of Hermes channels 




0 




reserved 


C c 


0 


0..1 


set if instruction SRAM can be all 
cache (enough tag storaqe) 


c b 


1 


□..1 


set if instruction SRAM can be all 
buffer 


c 


9 


0..31 


log2 cache blocks in instruction 
SRAM (buffer+cache) 




0 




reserved 




0 


0..1 


set if data SRAM can be all cache 
(enough tag storage) 


n. 


1 

1 


j.. i 


set it data SRAM can be all buffer 


D 


9 


0..31 


log 2 cache blocks in data 
SRAM/buff er+cache 




0 




Reserved 


L 


0 


0..3 


log 2 entries in locai TLB (per thread) 


G 


6 


0..15 


I002 entries in alobal TLB 




0 




reserved 


T 


5 


1..31 


number of execution threads 




0 




Reserved for definition in later 
revision of Euteroe architecture 
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octlet bits field name value ^a^ce mtercrstation 



6 



63.0 




0 




Reserved for definition in later 
revision of Euterce architecture 


bits 


field name 


valua 


ranae 


interpretation 


63 


reset 


1 


0..1 


set to invoke device's circuit reset 


62 


clear 


1 


0..1 


set to invoke device's logic clear 


61 


selftest 


0 


0..1 


set to invoke device's selftest: bits 
60.. 48 may indicate depth of selftest 


60 


defer writes 


0" 


0..1 


set to cause writes to octlets 25.. 43 
to be deferred until the next logic- 
clear or non-deferred write. 


S9..48 


0 


0 


D 


Reserved 


47. .44 


Hermes 

channel 

expansion 


0 


0 


Reserved for additional Hermes 
cnannei uisaoie Dits. 


43. .32 


Hermes 
channel 
disable 


4095 


0..40 
S5 


For each Hermes channel, set to 
cause input channel to be ignored 
and idles to be generated. Upon 
^icaiiny uic u\i, ine input cnannei 
phase adjustment is reset, and after 
a suitable delay, the input and 
Hermes output channel links are 
available for use. 


31. .20 


0 


0 


0 


Reserved 


19.. 16 


channel 
under test 


0* 


0..11 


Channel on which cidle 0 and cidle 1 
are transmitted in place of normal 
idle pattern (0, 255), and from which 
raw input bytes are sampled. 


15. .8 


cidle 0 


0* 


0..25 
5 


Value transmitted on idle Hermes 
output channel when output clock 
zero (0). 


7..0 


cidle 1 


255* 


0..25 
5 


Value transmitted on idle Hermes 
output channel when output clock 
one (1). 
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bits 


field name 


value 


r = 






intsrorgtation 


^ *} 
oo 


reset/clear/ 
selftest 
complete 


1 


0. 


.1 




l his bit is set when a reset, clear or 
selftest operation has been 
comDleted. 


o2 


reset/clear/ 
selftest 
status 


1 


0. 


.1 




This bit is set when a reset, clear or 
selftest operation has been 
completed successfully. 


61 


meltdown 
detected 


0 


0. 


.1 




This bit is set when the meltdown 
detector has caused a reset. 


60 


double 
machine 
check 


0 


c. 


.1 




This bit is set when a double 
machine check has caused a reset. 


59 


other reset 
cause 


0 


0. 


.1 




This bit is reserved for indicating 
additional causes of reset. 


53 


exception in 
event thread 


0 


0. 


1 




This bit is set when an exception in 
event thread has caused a machine 
check. 


57 


watchdog 
timeout error 


0 


0. 


1 




This bit is set when a watchdog 
timeout has caused a machine 
check. 


56 


Cerberus 
transaction 
error 


0 


0. 


1 




This bit is set when a Cerberus 
transaction error has caused a 
machine check. 


55 


Hermes 
channel 
check byte 
error 


0 


0. 


1 




This bit is set when a Hermes 
channel check byte error has caused 
a machine check. 


54 


Hermes 
channel 
command 
error 


0 


0. 


1 




This bit is set when a Hermes 
channel command error has caused 
a machine check. 


53 


Hermes 
channel 
timeout error 


0 


0. 


1 




This bit is set when a Hermes 
channel timeout has caused a 
machine check. 


S2..48 


O 


o- 


0 


Reserved for other machine check 
causes. 


47..32 


machine 
check detail 




0..40 
95 


Set to indicate exception code if 
Exception in event thread. Set to 
bitmap of which Hermes channels if 
Hermes channel error. 


31. .16 


machine 

check 
program 
counter 


0 


0 


Set to indicate bits 31. .16 of the 
value of the event thread program 
counter at the initiation of a machine 
check. 


15..8 


raw 0 


* 


0. 
5 


.25 


Value sampled on specified Hermes 
channel when input clock is zero (0). 
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7..0 



octiet bits 



raw 1 




0..25 
5 


Value sampled on specified Hermes 
channel immediately following 
samole value in raw 0 register. 


field name 


value 


r3nce 


intercretation 



8 63. .0 


indirect 
address 




0..26 
4-1 


Write to this register to set physical 
address used for reads and writes to 
indirect data register. 


octiet bits 


field name 


value value 


interoretation 


9 63. .0 


indirect data 




0..2 6 
*-1 


Read and write to this register to 
reach physical addresses not 
otherwise accessable via Cerberus. 


cctlet bits 


field name 


value 


ranae 


interoretation 


10..24 63. .0 


O 


0 


0 


Reserved for expansion of Cerberus 
registers upward or knobcity registers 
downward. 
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octiet Dits 
25 63. .55 

S5..43 



39 .32 
31. .24 
23.. 16 

15. .8 
7..0 

octiet bits 

26 63. .56 

55. .48 
47. .40 
39..32 
31. .24 
23. .16 
15. .8 
7..0 

octiet bits 

27 63. .56 

55..48 
47.. 40 
39. .32 



Unassigned 
Custom knob 


121 


1 ..12 

-7 

/ 


Knob seaings for Unassigned custom 
circuits. 


Unassigned 
Custom knob 


121 


1.12 
7 


Knob sellings for Unassigned custom 
circuits. 


CI Tag knob 


121 


1.12 
7 


Knob settings for Ci Tag circuits. 


CD Tag knob 


121 


1..12 

n 

/ 


Knob settings for CD Taa circuits 


TLB knob 


121 


1..12 
7 


Knob settings for TLB circuits. 


Branch 
Target Cache 
knob 


121 


1-12 
7 


Knob settings for Branch Target 
Cache circuits. 


1 Cache knob 


121 


1.12 
7 


Knob settings for Instruction Cache 
circuits. 


Eastside 
Repeater 
knob 


121 


1..12 
7 


Knob settings for Eastside Repeater 
circuits. 



spar 1,2 
knob 


121 


1..12 
7 


Knob settings for SOFA region spar 
1.2. 


spar 1,2 
knob 


121 


1.12 
7 


Knob settings for SOFA region spar 
1 . 2. 


spar 1,2 
knob 


121 


1..12 
7 


Knob settings for SOFA region spar 
1,2. 


spar 1,2 
knob 


121 


1..12 
7 


Knob settings for SOFA region spar 
1,2. 


spar 0 knob 


121 


1..12 
7 


Knob settings for SOFA region spar 

0. 


spar 0 knob 


121 


1..12 
7 


Knob settings for SOFA region spar 


spar 0 knob 


121 


1..12 
7 


Knob settings for SOFA region spar 
0. 


spar 0 knob 


121 


1..12 
7 


Knob settings for SOFA region spar 
0. 



spar 5,6 
knob 


121 


1..12 
7 


Knob settings for SOFA region spar 
5,6. 


spar 5,6 
knob 


121 


1 ..12 
7 


Knob settings for SOFA region spar 
5,6. 


spar 5,6 
knob 


121 


1..12 
7 


Knob settings for SOFA region spar 
5,6. 


spar 5,6 
knob 


121 


1-12 
7 


Knob settinas for SOFA region spar 
5.6. 
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31. .24 
23. .16 
15. .8 
7..0 

octiet bits 
23 63. .56 

55.. 48 

47. .40 

39. .32 

31. .24 

23.. 16 

15. .8 

7.0 

octiet bits 
29 63. .56 

55. .48 

47..40 

39..32 

31. .24 

23.. 16 

15..8 

7.0 



spar 3,4 
knob 


121 


1.-12 

~r 
1 


Knob settings for SOFA reaion soar 

3.4. 


spar 3,4 
knob 


121 


1..12 

T 

i 


Knob settings for SOFA reqion spar 
3.4. 


spar 3,4 
knob 


121 


1.12 
7 


Knob settings for SOFA region spar 


spar 3,4 
knob 


121 


1..12 
7 


Knob settings for SOFA region spar 
3.4. 



spar 9,10 
knob 


121 


1..12 
7 


Knob settings for SOFA region spar 
9.10. 


spar 9,10 
knob 


121 


1.12 
7 


Knob settings for SOFA region spar 
9,10. 


spar 7,8 
knob 


121 


1..12 
7 


Knob settings for SOFA region spar 
7,8. 


spar 7,8 
knob 


121 


1..12 
7 


Knob settings for SOFA region soar 
7.8. 


spar 7,8 
knob 


121 


1..12 
7 


Knob settings for SOFA region spar 
7.8. 


spar 7,8 
knob 


121 


1.12 
7 


Knob settings for SOFA region spar 
7.8. 


Clocks knob 


121 


1.12 
7 


Knob settings for clock circuits. 


PLL knob 


85 


1..12 
7 


Knob settings for PLL circuits. 



spar 13,14 
knob 


121 


1-12 
7 


i» uci ui ciaiiui i 

Knob settings for SOFA reqion spar 
13.14. 


spar 13,14 
knob 


121 


1.12 
7 


Knob settings for SOFA region spar 
13.14. 


spar 11,12 
knob 


121 


1..12 
7 


Knob settings for SOFA reqion spar 
11.12. 


spar 11,12 
knob 


121 


1..12 
7 


Knob settings for SOFA region spar 
11.12. 


spar 11,12 
knob 


121 


1.12 
7 


Knob settings for SOFA region spar 
11.12. 


spar 11,12 
knob 


121 


1..12 
7 


Knob settings for SOFA region spar 
11.12. 


spar 9,10 
knob 


121 


1..12 
7 


Knob settings for SOFA region spar 
9.10. 


spar 9,10 
knob 


121 


1..12 
7 


Knob settings for SOFA region spar 
9,10. 



octlet bits field name value range 



interpretation 
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30 63. .56 

55. .48 

47. .40 
39..32 
31. .24 
23.. 16 
15. .8 
7..0 



IICII IIC3 

channel 
knob 


1 ?1 


1 19 
7 


khod sellings tor Hermes channel 
circuits. 


Westside 
Repeaters 
knob 


121 


1.12 
7 


Knob settings for Westside Repeater 
circuits 


D Cache 
knob 


121 


1 12 
7 


Knch ^Pttinnc for naha P^/sho 
iamuu ociuny5 lUi Ualcl OaCne 

circuits. 


Sorina knob 

w f* * Illy IVIIVU 


1 21 


1 1 9 

7 


r\noD sellings tor bpnng circuits. 


Unassigned 
Custom knob 


121 


1..12 
7 


Knob settinos for Unassinnp'i ru^tnm 
circuits. 


Unassigned 
Custom knob 


121 


1..12 
7 


Knob settings for Unassigned custom 
circuits. 


spar 13,14 
knob 


121 


1.-12 
7 


Knob settings for SOFA region spar 
13.14. 


spar 13,14 
knob 


121 


1.12 
7 


Knob settings for SOFA region spar 
13.14. 



233 



micrcunity 



Case 2:05-cv-005G5-TJW Document 1 49 Filed 1 0/1 5/2007 Page 37 of 40 

WO 97/07450 PCT/US96/13047 



:c:*et bus 
31 63 



0/ ..cc 



3D 



51 



42 



41 



40 



34 



33 



32 



21 



20 



0 


0 


C 


interpretation 

Reserved 


3 resistor fine 
tuning 


20* 


0 .31 


Set to fine tune resistor termination 
value 


5 swing fine 
tuning 


r 


0..3 


Set to fine-tune voltage swing and 
reference level knob settinas 


0 


0 


0 


Reserved 


2 process 
control 


5 


4..6 


Set based on value read from PMOS 
drive strength, used to fine-tune 
resistor values in knob settings 


0 


0 


0 


Reserved 


3 PMOS drive 
strength 




0..7 


This read/only field indicates the 
drive strength of PMOS devices 
expressed as a diqital binarv value 


3 PLL1 divide 
ratio 


8* 


8.. 23 


PLL1 dividpr ratio 

« *— *■» ' UIVIUCI 1 ull V 


PLL1 

feedback 
bypass 


1" 


0..1 


Set to invoke PLL1 feedback bypass. 


PLL1 range 


0* 


0.1 


wci iui uperauon ar nign frequency 
(above O.xxx GHz); cleared for 
operation at low frequency (below 
Q.yyyGHz) 


PLL 

prescaler 
bypass 


0 


0..1 


Set to invoke PLLO and PLL1 
Drescaler bypass, otherwise divide 
nput clock by 10. 


> PLLO divide 
ratio 


8 


8.. 23 


^LLO diviripr ratin 


PLLO 
feedback 
bypass 


1 


0.1 


Set to invoke PLLO feedback bypass. 


PLLO range 


0 


0..1 


Set for ODPrSfinf) at hinh fronnanrx/ 

!above O.xxx GHz); cleared for 
operation at low frequency (below 
OyyyGHz). 


conversion 
prescaler 
bypass 


0 


0..1 


Set to invoke temperature conversion 
Drescaler bypass, otherwise divide 
nput clock by 10. 


analog 
measurement 


3 


3. .25 
5 


Set to measure analog levels at 
various test points within device 


meltdown 
threshold 


3 


3..3 


Set to perform margin testing of the 
Tieltdown detector. 


conversion 
start 


D' 


3..1 

i 


Setting this bit causes the 
inversion to begin. The bit remains 
set until conversion is complete 


0 


D 


D 


Reserved, (selection extension) 
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19.. 16 

15.. 10 
9.0 



octlet bus. 
32.. 43 63 

62 



61 



octlet 
44.. 63 



60 



59. .57 

S6..54 

53. .48 
47. .42 
41. .36 
35. .30 
29...24 
23.. 18 
17. .12 
11. .6 
5..0 

bits 
63..0 



octlet bits 
64.. 63. .0 
65536 



conversion 
selection 


0' 


C..9 


Field selects which of ten 
measurements are taken 


0 


0 


C 


Reserved: (counter extension) 


conversion 
counter 




0 .10 
22 


This field is set to the two's 
complement of the downsiope count. 
The counter counts upward to zero, 
and then continues counting on the 
UDSlooe until conversion ccmoletes. 


field name 






intercretation 


O 


0 


C 


Reserved 


quadrature 
bypass 




D..1 


Setting this bit causes the 
quadrature circuit to be bypassed: 
the input clock signal is used 
directly. 


quadrature 
range 


o- 


D..1 


Set to 0 if the Hermes channel is 
operating at a low frequency; 1 if the 
Hermes channel is operating at a 
high frequency. 


output 
termination 


1 


C..1 


Set to enable output terminators. 
Cleared to disable output 
terminators. 


4 mm hmb a mm* m4 m ^m. mmm 

termination 


1 


Q.J 


Set termination resistance level. 


current 


i 


U.J 


oei output current level. 


skew bit 7 




0 63 


^Pt rfp|p\/ in Mn7 cLtova/ r^irr^i tit 

oci vjci&y hi nu/ or\ew circuit. 


skew bit 6 


1 


0 63 


^Pt rtpla\y in Mnf> cL-oia/ r»ir/Miit 
oci ucldy III nUD bftcW CirCUIl. 


skew bit 5 


1 


P. .63 


Set delay in Ho5 skew circuit. 


skew bit 4 


1 


0..63 


Set delay in Ho4 skew circuit. 


skew bit 3 


1 


0..63 


Set delay in Ho3 skew circuit. 


skew bit 2 


i 


0..63 


Set delay in Ho2 skew circuit. 


skew bit 1 


1 


0.63 


Set delav in Ho1 skew circuit 


skew bit 0 


1 


0..63 


Set delay in HoO skew circuit. 


skew elk 


1 


0 .63 


Set delay in HoC skew circuit 


field name 


value ranoe 


interpretation 


0 


0 


0 


Reserved for use with additional 
Hermes channel interfaces 


field name 


value ranae 


interoretation 


0 


o p 


Reserved for use with later revisions 
of the architecture. 



configuration memory space 
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The identification registers in ocrlets 0 .3 comply with the requirements of the 
Cerberus architecture. 

MicroUnity's company identifier is: 0000 0000 0000 0010 1 100 0101. 
MicroUnity's architecture code tor Euterpe is specified by the following table: 



J Internal coae name 


Code numoer | 


j Euterpe 


| 0x00 40 a3 24 69 93 | 



Euterpe architecture revisions are specified by the following table: 



I Internal code name 


1 Code number j 


1 i-o ' 


0x01 00 ~ j 



MicroUnity's Euterpe implementor codes are specified by the following table: 



Internal code name 


Code number 


MicroUnitv 


0x00 40 a3 d2 b6 7f 



MicroUnity's Euterpe as implemented by MicroUnity, uses implementation codes 
as specihed by the following table: 



Internal code name 


Revision number 


1.0 


6x01 00 







MicroUnity's Euterpe as implemented by MicroUnity. uses manufacturer codes 
as specihed by the following table: 



I Internal code name 


Code number ; 


[MicroUnity 


0x00 40 a3 69 db 3f 



MicroUnity's Euterpe, as implemented by MicroUnity, and manufactured bv 
lMicroUnuy, uses manufacturer revisions. as specified by the following table: 



Internal code name 


Code number 


1.0 


0x01 00 







Architecture Description Reoi^ rR 

The architecture description registers in octlets 4 and 5 comply with the Cerberus 
specification and contain a machine-readable version of the architecture 
parameters: A and W described in this document. 
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These registers are still under construction and will contain non-zero values in a 
later revision ot this document. 

Parameters will describe number of Hermes ports, size of internal caches, integral 
ion ot Lall lope and Mnemosyne functions. 

The control register is a 64-bit register with both read and write access. It is 
altered only by Cerberus accesses: Euterpe does not alter the values written to 
this register. 

The reset bit of the control register complies with the Cerberus specification and 
provides the ability to reset an individual Euterpe device in a Terpsichore svstem. 
gating a one 1) to this bit is equivalent to a power-on reset or a broadcast 
Cerberus reset (low level on SD for 33 cycles) and resets configuration registers to 
their power-on values, which is an operating state that consumes minimal current, 
and also causes all internal high-bandwidth logic to be reset. The duration of the 
reset is sufficient tor the operating state changes to have taken effect \: the 
completion of the reset operation, the reset/clear/selftest complete bit of the status 
register is set the reset/clear/selftest status bit of the status register is set. and the 
reset bit ot the control register is set. 

The clear bit of the control register complies with the Cerberus specification and 
provides the ability to clear the logic of an individual Euterpe device in a svstem. 
Writing a one (1) to this bit causes all internal high-bandwidth logic to be reset, as 
is required after reconfiguring power and swing levels. The duration of the reset is 
sufficient tor any operating stare changes to have taken effect. At the completion 
ot the reset operation the reset/clear/selftest complete bit of the status register is 
set. the reset/clear/selftest status bit of the status register is set. and the clear bit 
ot the control register is set. 

The selftest bit of the control register complies with the Cerberus specification 
and provides the ability to invoke a selftest on an individual Euterpe device in a 
system. However Euterpe does not define a selftest mechanism at this time, so 
setting this bit .will immediately set the reset/clear/selftest complete bit and the 
reset/clear/selftest status bit of the status register. 

The channel under test field of the control register provides a mechanism to test 
and adjust skews, on a single Hermes channel at a time. The field is set to the 
channel number for which the cidle 0, cidle 1, raw 0, and raw 1 fields are active. 

The cidle 0 and cidle 1 fields of the control register provide a mechanism to 
repeatedly sent simple patterns on the selected Hermes output channel for 
purposes of testing and skew adjustment. For normal operation, the cidle 0 field 
must be set to zero (0), and the cidle 1 field must be set to all ones (255) 
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States Pec.'srsr 

The status register is a 64-bit register with both read and write access though the 
only legal value which may be written is a zero, to clear the resister. The result of 
writing a non-zero value is not specified. 

The reset/clear/selftest complete bit of the status register complies with the 
Cerberus specification and is set upon the completion of a reset, clear or selftest 
operation as described above. 

The reset/clear/selftest status bit of the status register complies with the Cerberus 
specification and is set upon the successful completion of a reset, clear or selftest 
operation as described above. 

The meltdown detected bit of the status register is set when the meltdown 
detector has discovered an on-chip temperature above the threshold set bv the 
meltdown threshold held or the Cerberus configuration register, which causes a 
reset to occur. 

The double machine check bit of the status register is set when a second machine 
check occurs that prevents recovery from the first machine check, or which is 
indicative or machine check recovery software failure. Specifically, the occurrence 
or an exception in event thread, watchdog timer error, or Cerberus transaction 
error while any machine check cause bit of the status register is still set or anv 
Hermes error while the exception in event thread bit of the status register is set in 
the Cerberus status register results in a double machine check reset. 

The other reset cause bit of the status register is reserved for the indication of 
other causes ot reset. 

The exception in event thread bit of the status register is set when an event thread 
sutters and exception, which causes a machine check. The exception code is 
loaded into the machine check detail field of the status register. 

The watchdog timeout error bit of the status register is set when the watchdog 
timer register is equal to the clock cycle register, causing a machine check. 

The Cerberus transaction error bit of the status register is set when a Cerberus 
transaction error (bus timeout, invalid transaction code, invalid address) has 
caused a machine check. Note that Cerberus aborts, including locally detected 
parity errors, should cause bus retries, not a machine check. 

The Hermes check byte error bit of the status register is set when a Hermes 
check byte error has caused a machine check. The bit corresponding to the 
Hermes channel number which has suffered the error is set in the machine check 
detail field of the status register. 

The Hermes command error bit of the status register is set when a Hermes 
command error has caused a machine check. The bit corresponding to the 
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Hermes channel number which has suttered the error is set in the machine check 
detail held ot the status register. 

The Hermes timeout error bit of the status register is set when aBvteChannel 

TZZ n rr0r K u U ut 3 maChin ! C . hecL The bit "responding to the Hermes 
channel number which has suttered the error is set in the machine check detail 
field ot the status register. 

The machine check detail field of the status register is set when a machine check 

rite ™> n XT 9 ! J 0 ' 3 Herme l Chunn , d error (check b >' te - command or 

J%' ™ 3 blt " m3Sk - B >' teCh *nnels for which machine 
checks hay been reported. For an exception in event thread, the- value indicates 
the type of exception tor which the most recent machine check has been reported. 

The machine check program counter field of the status register is loaded with bits 

IbriwL r ? e ,. eVe 3 l I h / ead P r ° gra L m C -°T Cr ac w ' hich the mo * recent machine 
check has occurred. The value in this tield provides a limited diagnostic capability 
tor purposes ot software development, or possibly for error recovery. 

?Ll„ d "V thC contain ** ^ obtained from 

ronra n l P ? °* th « specified Hermes input channel. The raw 0 field 
contains a value obtained when the input clock was 2 ero (0). and the raw 1 field 
SnL™.^ obtiUned on the ^mediately following sample, when the input 
clock was (1) Euterpe must ensure that reading the status register produces two 
adjacent samples regardless of the timing of the status register read operation on 

Hermes'channd interfaces' 6 ^ PUTp0 * S ° f KSting and comro1 of skew in che 
Power a nd Swinn Calibration Reatetarx 

Euterpe uses a set of configuration registers to control the power and voltase 
levels used for internal high-bandwidth logic and memorv. The details of 
programming these registers are described below. 

Eight-bit fields separately control the power and voltage levels used in a portion of 
format- 2 ^ 6 C " CUUry - $Uch fieId contains configuration data in the following 

7 6 5 4 .3 ? p_ 

t » I ret | jyj | res I 



power and swing controls 
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The range of valid values and rhe interpretation of the fields is given bv 
following table: 



the 



field 


vaiue 


mtercretation 


O 


0 


Reserved 


ref 


0..3 


Set ra-erence voitaae level 


Ivl 


0..3 


Set voitage svvinq level. 


res 


0..7 


Set resistor load value. 



The reference voltage level, voltage swing level and resistor load vaiue are model 
figures for a full-swing, lowest-power logic gate output. The actual voltage levels 
and resistor load values used in various circuits is geometrically related to the 
values in the tables below. Designed typical, full-speed settings for the ref, Ivl and 
res fields are ref=250 millivolts. lvl=500 millivolts, and res=2.5 kilohms. 

The ref field, together with the swing fine tuning field of the configuration register 
control the reference voltage level used for logic circuits in the specified knob 
domain. Values and interpretations ot the ref field are given bv the following table 
with units in millivolts: ' - 





swing fine tunina 


ref 


0 


1 


2 


3 


0 


138 


150 


163 


175 


1 


188 


200 


213 


225 


2 


238 


250 


263 


275 


3 


288 


300 


325 


350 



Reference level control field interpretation 

The Ivl field, together with the swing fine tuning field of the configuration register, 
control the voltage swing level used for logic circuits in the specified knob domain 
Values and interpretations of the Ivl field are given bv the following table, with 
units in mdli volts: 





swing fine tunina 


Ivl 


0 


1 


2 


3 


0 


275 


300 


325 


350 


1 


375 


400 


425 


450 


2 


475 


500 


525 


550 


3 


575 


600 


650 


700 



Voltage swing level contro 



field interpretation 
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The res field together wtth the process control Held of the configuration register, 
control the FMUb load resistance value used tor logic circuits in the specified 
knob domain. Values and interpretations ot the lvl field are given bv the following 
table, with units in kilohms. The table below gives resistance values with nominal 
process parameters. 





process control 


res 


0 


1 


2 


3 




5 


6 


7 


0 




undefined 


1 




2.5 


5.0 


7.5 


10. 


13. 


15. 


18. 


f 2 




1.3 


2.5 


3.3 


5.0 


6.3 


7.5 


8.8 


3 




.83 


1.7 


2.5 


3.3 


4.2 


5 


5.8 


4 




.63 


1.3 


1.9 


2.5 


3.1 


3.8 


4.4 


5 




.50 


1.0 


1.5 


2.0 


2.5 


3 


3.5 


6 




.42 


.83 


1.3 


1.7 


2.1 


2.5 


2.9 


7 




.36 


.71 


1.1 


1.4 


1.8 


2.1 


2.5 



stor corwoi fieio interpretation 

X?£?c l j e - prOCeSS c . on 5 ro1 field ot che configuration register is set equal to the 
1 MOb drive strength held of the configuration register, nominal PMOS load 
resistance values are as given by the following table, with units in kilohms 



res 


PMOS load resistance 


1 o 


undefined 


1 


13. 


2 


6.3 


3 


4.2 


4 


3.1 


5 


2.5 


6 


2.1 


7 


1.8 ~ " 



When Mnemosyne is reset, a default value of 0 is loaded into each 0 field 3 in 
each ref field, 3 in each lvl field and 1 in each res field, which is a byte value of 
121. The process control field of the configuration register is set to 5, and the 
swing fine tuning field is set to 1. These settings correspond to a chip with nominal 
processing parameters, low power and high voltage swing operation. 

For nominal operating conditions, the ref field is set to 2, the lvl field is set to 2, and 
the res field is set to 5, which is byte value of 85. The process control field is set 
equal to the PMOS strength field, and the swing fine tuning field is set to 1. 

Configuration Register 

A Configuration register is provided on the Euterpe processor to control the fine- 
tuning of the Hermes channel configuration, to control the global process 
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parameter settings, to control the two phase-locked loop frequency generators 
and to control the temperature sensors and read temperature values.' 

The resistor fine tuning field of the configuration register controls the analo* bias 
settings tor PMOS loads in Hermes channel input and output termination circuits 
m order to accomodate variations in circuit paramaters due to the manufacturing 
process, and to provide fine-tuning ot the input and output impedence levels. 
Under normal operating conditions, four times (4*J the value read from the PMOS 
drive strength field should be written into the resistor fine tuning field. In order to 
prov.de tine-tuning ot the input and output impedence levels, an external 
measurement ot the impedence or voltage levels is required. An change of the 
resistor fine tuning held causes a proportional change in the input and output 
im pedence levels. T he interpretation of the field is given by the table: 
value 



0..13 



14.. 19 
20 



21. .31 



Reserved 



resistor fine tuning 



increase PMOS conouctance to nominal'20/value. 

use PMOS loads at nominal ccnouctance. 

decrease PMOS conductance to nommal-20/valuft 



The sw.ng fine tuning field of the configuration register controls a small offset in 
the reference voltage and logic swing voltage for internal logic circuits. The swing 
fine tuning voltage is added to the output currenr field of the Hermes channel 
configuration registers to select the output current. The interpretation of the field 
is given by the table: 



value 


swing fine tuninq 




0 


-25 mv 


-12 mv 


1 


0 


0 


2 


+25 mv 


+ 13 mv 


3 


+50 mv or +100 mv 


+25 mv or +50 mv 
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The process control field of che configuration register controls the analog bias 
settings for PMOS loads in internal logic circuits, in order to accomodate 
variations in circuit parameters due to the manufacturing process. Under normal 
operating conditions, the value read from the PMOS drive strength field should be 
written into the process control field. The interpretation of the field is given bv the 
table: 



value 


process control 


0 


Reserved 


1 


increase PMOS conductance to 5.00*nominal. 


2 


increase PMOS conductance to 2.50*nominal. 


3 


increase PMOS conductance to 1.66'nominal. 


! 4 


increase PMOS conductance to 1.25'nominal 


! 5 


use PMOS loadsat nominal conductance. ! 


! 6 


decrease PMOS conductance to Q.83*nominal 


I 7 


decrease PMOS conductance to 0.71 'nominal. 



The PMOS drive strength field of the configuration register is a read/onlv field 
that indicates the drive strength, or conductance gain, of PMOS devices on the 
Euterpe chip, expressed as a digital binary value. This field is used to calibrate the 
power and voltage level configuration, given variations in process characteristics 
of individual devices. The interpretation of the field is given bv the table: 



value 


PMOS drive strength 


0 


Reserved 


1 


0.2*nominal 


2 


0.4"nominal 


3 


0.6"nominal 


4 


O.B'nominal 


5 


nominal 


6 


1.2'nominal 


7 


1.4*nominal 



There are two identical phase locked-loop (PLL) frequency generators, 
designated PLLO and PLLl, These PLLs generate internal and external clock 
signals of configurable frequency, based upon an input clock reference of either 
50 MHz or 500 MHz. PLL0 controls the internal operating frequency of the 
Euterpe processor, while PLLl controls the operating frequency of the Hermes 
channel interfaces. The configuration fields for PLLO and PLLl have identical 
meanings, described below: 

The PLLO divide ratio and PLLl divide ratio fields select the divider ratio for 
each PLL, where legal values are in che range 8. .23. These divider ratios permit 
dock signals to be generated in the range from 400 MHz to 1.15 GHz, when the 
input clock reference is at 50 MHz, with prescaling bypassed, or at 500 MHz with 
prescaling used. 
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Setting the PLLO feedback bypass bit or the PLLl feedback bypass bit of the 
configuration register causes the generated clock bypass the PLL oscillator and to 
operate off the input clock directly. Setting these bits causes the frequency 
generated to be the optionally prescaled reference clock. These bits are cleared 
during normal operation, and set by a reset. 

The PLLO range field and the PLLO range field of the configuration register are 
used to select an operating range for the internal PLLs. If the PLL range is set to 
zero, the PLL will operate at a low frequency (below O.xxx GHz ), if the PLL range 
is set to one, the PLL will operate at a high frequency (above O.xxx GHz). At reset 
this bit is cleared, as the input clock frequency is unknown. 

Setting the PLL prescaler bypass bit of the configuration register causes the 
phase-locked loops PLLO and PLLl to use the input clock directlv as a reference 
clock. This bit is cleared during normal operation with a 500 MHz input clock, in 
which the input clock is divided by 10. and is set during normal operation with a 
50 MHz input clock. At reset this bit is cleared, as the input clock frequency is 
unknown. 

Setting the conversion prescaler bypass bit of the configuration register causes the 
temperature conversion unit to use the input clock directlv as a reference clock. 
Otherwise, clearing this bit causes the input clock to be divided bv 10 before use 
as a reference clock. The reference clock frequency of the temperature 
conversion unit is nominally 50 MHz, and in normal operation, this bit should be 
set or cleared, depending on the input clock frequency. At reset this bit is cleared, 
as the input clock frequency is unknown. 

The meltdown margin field controls the setting of the threshold at which 
meltdown is signalled. This field is used to test the meldown prevention logic. The 
interpretation of the field is given by the table below with a tolerance of ±6 
degrees C and 5 degrees C hysteresis: 



value 


meltdown threshold 


0 


150 degrees C 


1 


90 degrees C 


2 


50 degrees C 


3 


20 degrees C 



The conversion start bit controls the initiation of the conversion of a temperature 
sensor or reference to a digital value. Setting this bit causes the conversion to 
begin, and the bit remains set until conversion is complete, at which time the bit is 
cleared. 

The conversion selection field controls which sensor or reference value is 
converted to a digital value. The interpretation of the field is given bv the table 
below: 
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value 


conversion selected 


0 


local temosrature sensor 


1 


local temcerature reference 


2 


remote 0 temcerature sensor 


! 3 


remote 0 temperature reference 


A 

\ ^ 


remote 1 temcerature sensor 


i 5 


remote 1 temcerature reference 


6 


remote 2 temcerature sensor 


7 


remote 2 temperature reference 


8 


remote 3 temperature sensor 


9 


remote 3 temcerature reference 


10.. 15 


Reserved 



The conversion counter field is set to the two's complement of the dovvnslope 
count. The counter counts upward to zero, at which point the upslope ramp 
begins, and continues counting on the upslope until the conversion completes. 

Heroes channel Confiaurzticn Register^ 

Configuration registers are provided on the Euterpe processor to control the 
timing current levels, and termination resistance for each of the twelve Hermes 
channel high-bandwidth channels. A configuration register is dedicated to the 
control of each Hermes channel and additional information in the configuration 
register at octlet 31 controls aspects of the Hermes channel circuits in common. 
The Hermes channel configuration registers are Cerberus registers 32. .43, where 
32 corresponds to Hermes channel 0, and where 43 corresponds to Hermes 
channel 11. 



The quadrature bypass bit controls whether the HiC clock signal is delayed bv 
approximately - of a HiC clock cycle to latch the Hiy. o bits. In normal, full speed 
operation, this bit should be cleared to a zero value. If this bit is sec, the 
quadrature delay is defeated and the HiC clock signal is used directly to latch the 
H17..0 bits. 

The quadrature range bit is used to select an operating range to the quadrature 
delay circuit. If the quadrature range is set to zero, the circuit will operate at a low 
frequency (below O.xxx GHz), if the quadrature range is set to one, the circuit will 
operate at a high frequency (above O.xxx GHz). 

The output termination bit is used to select whether the output circuits are 
resistively terminated. If the bit is set to a zero, the output has high impedence; if 
the bit is set to one, the output is terminated with a resistance equal to the input 
termination. At reset, this bit is set to one, terminating the output. 

The termination resistance field is used to select the impedence at which the 
Hermes channel inputs, and optionally the Hermes channel outputs are 
terminated. The resistance level is controlled relative to the setting of the resistor 
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fine tuning field of the configuration register. The interpretation of the field is 
given by the table, with units in Ohms and nominal PMOS conductance and bias 
settings: 



value 


termination resistance 


0 


Reserved 


1 


250. Ohms 


2 


125. Ohms 


3 


83.3 Ohms 


4 


62.5 Ohms 


5 


50.0 Ohms 


6 


41.7 Ohms 


7 


35.7 Ohms 



The output current field is used to select the current at which the Hermes 
channel outputs are operated. The interpretation of the field is given by the table 
with units in mA: 



value 


output current 


0 


Reserved ' """ '"" 


1 


2. mA 


2 


4. mA 


3 


6. mA 


4 


8. mA 


5 


10. mA 


6 


12. mA 


7 


14. mA 



The output voltage swing is the producr of the composite termination resistance: 
(input termination resistance" J+output termination resistance- 1)1, and the output 
current The output voltage swing should be set at or below 700 mV and is 
normally set to the lowest value which permits a sufficiently low bit error rate 
which depends upon the noise level in the system environment. 

The skew fields individually control the delay between the internal Hermes 
channe output clock and each of the HoC and Ho7..0 high bandwidth output 
channel signals. Each skew field contains two three-bit values, named digital skew 
and analog skew as shown below: 

* 32 0 

I digital skew | analog skew ~| 



The digital skew fields set the number of delay stages inserted in the output path 
of the HoC and the Ho7..0 high-bandwidth output channel signals. The analog 
skew fields control the power level, and thereby control the switching delav, of a 
single delay stage. Setting these fields permits a fine level of control over the 
relative skew between output channel signals. Nominal values for the output delav 
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tor various values of the digital skew and analog skew fields are given below 
assuming a nominal setting tor the Hermes channel knob: 





ueiay ^ps; 


plus 


skew 




analog 






skew 


0 


0 


no 


1 


320 


yes 


2 


400 


yes 


3 


470 


ves 


4 


570 


yes 


5 


670 


yes 


6 


770 


yes 


7 


870 


yes 



analog 

Srsew 


delay (ps) 


0 


Reserved 


i 


? ? ? 


2 


??? 


3 


+40 ! 


4 


+20 


5 


0 


6 


-10 


7 


-20 



When Euterpe is reset, a default value of 0 is loaded into the digital skew and 1 is 
Inc I Ho/"? signals * ^ Se " ing ' minimUm ° UtpUt delay for the Ho <= 
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Mnemosyne Memory 

MicroUnity's Mnemosyne memory architecture is designed for ultra-high 
bandwidth systems. The architecture integrates fast communication channels 
with SRAM caches and interfaces to standard DRAM. 

The Mnemosyne interfaces include byte-wide input and output channels intended 
to operate at rates ot at least 1 GHz. These channels provide a packet 
communication link to synchronous SRAM cache on chip and a controller for 
external banks of conventional DRAM components. Mnemosvne provides second- 
level cache and main memory for MicroUnity's Terpsichore svstem architecture. 
However, Mnemosyne is useful in many memory applications. 

Mnemosyne's interface protocol embeds read and write operations to a single 
memory space into packets containing command, address, data and 
acknowledgement. The packets include check codes that will detect single-bit 
transmission errors and multiple-bit errors with high probability As manv as eight 
operations in "each device may be in progress at a time.' As manv as four 
Mnemosyne devices may be cascaded to expand the cache and memorv and to 
improve the bandwidth ot the DRAM memory. 

Mnemosyne's SRAM arrays are organized as a set of small blocks, which are 
combined to provide a cache containing logical memory data of a fixed word size. 
Dynamically-configured block-level redundancy supports the elimination of faultv 
blocks without requiring the use of non-volatile or one-time-programmable 
storage. 6 

Mnemosvne's DRAM interface provides for the direct connection of multiple 
banks ot standard DRAM components to a Mnemosyne device. Variations in 
access time, size, and number of installed parts all mav be accommodated bv 
reading and writing of configaration registers. The interface supports interleaving 
to enhance bandwidth, and page mode accesses to improve latencv for localized 
addressing. 

Euterpe uses Mnemosyne devices as a second-level cache, main-memory 
expansion, and optionally containing directory information. Each Mnemosyne 
°!YL c . e \ a . turn supports up to four banks of DRAM, each 72 bits wide (64 bits + 
ECC). Using standard DRAM components, Terpsichore and Mnemosvne achieve 
bandwidth in excess of 9 Gbytes/sec to secondary cache and 2 Gbytes/sec to 
main memory. Terpsichore may use twice or four times the number of 
Mnemosyne devices to expand the cache and memory and to increase the 
bandwidth of the main memory system to in excess of 8 Gbytes/sec. 

Architecture Framework 

The Mnemosyne architecture builds upon MicroUnity's Hermes high-bandwidth 
channel architecture and upon MicroUnity's Cerberus serial bus architecture, 
and complies with the requirements of Hermes and Cerberus. Mnemosvne uses 
parameters A and W as defined bv Hermes. 
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The Mnemosyne archnecture defines a compatible framework for a family of 
implementations u-ith a range of capabilities. The following implementation- 
denned parameters are used in the rest of the document in boldface. The value 
indicated is for MicroL'nity's first Mnemosyne implementation. 



Param 
eter 


Interpretation 


Value 


Range of legal vaiues 


C 


log2 logical memory words in 
SRAM cache 


13 


c > 7 


B 


log2 physical memory words in 
SRAM cache physical memory 
block 


11 


B > 1 


S 


number of bits per word of an 
SRAM physical memorv block 


9 


s>o 


t 


size of tag field in cache entry, 
in bits 


13 


t = 2P + E - C 


e 


size of ECC field in cache entry, 
in bits 


8 


e > log2 (8W+t-ri+ e)+l 


n 


blocks used to produce a logical 
memory word 


1 U 


^ 8W + t+ Ue 

n * s 


N 


number of SRAM physical 
memory blocks, not including 
rPdunriant hlnrWs 


40 


N = n(2 c -B) 


D 


number of divisions of SRAM 
Dhvsical memorv binrks mu&rart 
by separate sets of redundant 
blocks 


2 


1 <D<16 


R 


number of redundant SRAM 
physical memory blocks in each 
redundancy division 


2 


1 SR < 16 


P 


number of DRAM row and 
column address interface pins 


12 


9 < P < (A*8-E)/2 


K 


number of address interface pins 
which may be configured as row- 
address-only pins 


0 


0<K<P I 


1 


log2 of number of interleaved 
accesses in DRAM interface 


2 


0 < 1 < 16 


E 


log2 of number of banks of 
DRAM expansion 


2 


l£E< 15 



Interfaces and Block Diagram 



Mnemosyne uses two Hermes unidirectional, byre-wide, differential, packet- 
oriented data channels for its main, high-bandwidth interface between a memory 
control unit and Mnemosyne's memory. This interface is designed to be 
cascadeable, with the output of a Mnemosyne chip connected to the input of 
another, to expand the size of memory- that can be reached via a single set of data 
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channels. An external memory control unit is in complete control of the selection 

TnA TZ g r 0t ??V' ltl0nS VVUhin ' Mn L em L os >' ne , and in com P^e control of the timing 
and content of information on the high-bandwidth interfaces. 

A Cerberus bit-serial interface provides access to configuration, diacnostic and 
tester information, using TTL signal levels at a moderate data rate. " 

a1ceT™L™T nS * mSXi imer£aC « 10 conventional dynamic random- 
rlnrLT Y T (DR ^ M) ^ S,n f TTL si ? nals - Each Mnemosvne device 
ST? pUt S1 ? n t to independently control four banks of DRAM memory: 
each bank is nominally 9 bytes wide, and connects to a single set of bidirectional 
RR^ DRAM bank may use 24-bit addresses, to handle up to 
HRAVf n e memory capacity (such as 16M.X-I organized. 64-Mbit 
DRAM). Up to tour banks of DRAM may be connected to each Mnemosvne 
device, permitting up to 0.5 Gbyte of DRAM per Mnemosyne chip. 

TTL Lt °1 7 A p second / olta ? e ot 5 0 Volts (5% tolerance) is used onlv for 
ATLSTonTngK' dlSS1PaU ° n " ^ ***** 15 ™ 

DO^SOV^r 6 C0 . be , defined - £ here are 174 signal pins and 466 pins for 3.3V 
power, 5.0V power and substrate, for a total or 640 pins. 



count 


pin 


meaning 


18 


HiC. Hi 7 n 


hi-bandwidth input 


18 


HOC. Ho? n 


hi-bandwidth output 


72 


□Q 71 o 


□RAM data 


48 


A11. .03 0 


ukam address 


12 


HAS3 0. CAS3.0. WEt n 


□RAM control 


6 


5>U. SD. SN3 n 


Cerberus interface 


174 




total signal pins 1 


? 


VDD 


3.3 V above VSS 


? 


VCC 4 ^ 


5.0 V above VSS i 


? 


vss 


most neoative supply 


640 




total pins 



48 Internal circuit documentation names this signal VDDO. 
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The following is a diagram of the Mnemosyne device incerfaces: (Numerical values 
are shown for MicroUnity's first implementation.) 



HiC Hi7..0 



Ho7..0 HoC 



vcc 



VDD 





720 kbit HiBRAM 
(8k x 90 HiSRAM, 
cache controller, 
DRAM controller) 



48 



DQ71..0 



A11..A0/3..0 RAS/3..0, 
CAS/3..0, 
WE/3..0 

Mnemosyne external block diagram 



Absolute Maximum Ratings 



MIN NOM MAX UNIT 



Recommended operating conditions 


MIN 


NOM 


MAX 


UNIT 


RFF 


V-r: Termination equivalent voltage 


4.5 


5.0 


5.5 


V 




Main supply voltage VDD 


3.14 


3.3 


3.47 


V 


VSS 


TTL supply voltage VCC 


4.75 


5.0 


5.25 


V 


VSS 


Operating free-air temoerature 


0 




70 


C 
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Electrical characteristics 


MIN 


TYP 


MAX 


UNIT 


REF 


Voh: H-state output voitaae HoC. Ho? 0 








V 


VDD 


Vol: L-state output voltaae HoC. Ho? q 








V 


VDD 


V| H : H-state input voltaae HiC. Hit n 








V 


VDD 


V !L : L-state input voltaae HiC. H17 n 








V 


VDD 


Iqh. H-state curout current HoC. Hot n 








mA 




Iol: L-state output current HoC. H07 n 








mA 




Iih: H-state input current HiC. Hi7 0 








mA 




Iil: L-state input current HiC. Hi 7 0 








mA 




Cin: Incut caDacitance HiC. Hi7 0 








pF 




Cout: Output capacitance HoC. H07 0 








pF 




Voh: H-state output voltage A u . 03 q« 
RAS3 0. CAS3..0. WEi n. DQ71 0 


2.4 




5.5 


V 


VSS 


Vql: L-state output voltage A1 1 03 0 - 
RAS3. .0. CAS3..0. WEi n. DQ71 0 " 


0 




0.4 


V 


VSS 


Vol: L-state outout voltage SD 


0 




0.4 


V 


VSS 


Vih: H-state inout voltaae DQ71 0 


2.4 




5.5 


V 


VSS 


Vil: L-state input voltage DQ71 n 


-0.5 




0.8 


v 


VSS 


Vih: H-state input voltaqe SD 


2.0 




5.5 


V 


VSS 


Vi H : H-state input voltaqe SC. SN3 0 


2.0 




5.5 


v 


VSS 


Vil: L-state input voltaqe SC. SD, SN-* n 


-0.5 




0.8 


v 


VSS 


Ioh: H-state output current An 03 q, 

RAS3..0, CAS3..0. WE3 n. DQTi' n 








uA 




lOU L-state output current An o 3 0 . 

RAS3..0. CAS3..0. WE 3 n. DQ71 0" 






16 i 


mA 




Iol: L-state output current SD 






16 


mA 




loz: Off-state output current SD 


-10 




10 


uA 




Iqz~ Off-state output current DQ71 0 


-10 




10 


HA 




Iih: H-state input current SC, SN^ 0 


-10 




10 


|iA 




Iil: L-state input current SC. SN5 n 


-10 




10 


fiA 




Cin: Input capacitance SC. SN3 o 






4.0 


PF 




Cout: Output or input-output 
capacitance. SD. A n o 3 0 . RAS 3 0 . 
CAS3. 0. WE3..0. DQ71 0" 






4.0 


PF 
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Switching characteristics 


MIN 


TYP 


MAX 


UNIT 


tBC' HiC clock cycle time 


1000 






ps 


tBCH: HiC clock high time 


400 






ps 


ted- HiC clock low time 


400 






PS 


tBT- HiC clock transition time 






100 


PS 


tBs: set-up time. Hi 7 0 valid to HiC xition 


200 




100 


ps 


tBH- hold time. HiC xition to H17 0 invalid 


-200 




-100 


PS 


tos- skew between HoC and H07 0 


-50 




50 


PS 


tr*" SC elnrk cvpIp timo 


50 






ns 


tcH^ SC clock high time 


20 






ns 


tcu SC clock low time 


20 






ns 


tj: SC clock transition time 






5 


ns 


ts: set-up time. SD valid to SC rise 








ns 


tn: hold time, SC rise to SD invalid 








ns 


tOD- SC rise to SD valid 


5 






ns 



Logical a nd Physical Memory Structure 

Mnemosyne defines two regions: a memory region, implemented bv an on-device 
static RAM memory cache backed by standard DRAM memory devices, and a 
configuration region, implemented by on-device read-only and read/write 
registers. These regions are accessed by separate interfaces; the Hermes channel 
used to access the memory region, and the Cerberus serial interface used to 
access the configuration region. These regions are kept logically separate. 

The Mnemosyne logical memory region is an array of 2 8A words of size W bytes. 
Each memory access, either a read or write, references all bytes of a single block. 
All addresses are block addresses, referencing the entire block. 

8W-1 0 

0 1 

28A.-, | ^ 1 

8W 

Logical memory organization | 

Mnemosyne's DRAM memory physically consists of one or more banks of 
multiplexed-address DRAM memory devices. A DRAM bank consists of a set of 
DRAM devices which have the corresponding address and control signals 
connected together, providing one word of W bytes of data plus ECC information 
with each DRAM access. 

Mnemosyne's SRAM memory is a write-back (write-in) single-sec (direct-mapped) 
cache for data originally contained in the DRAM memory. All accesses to 
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Mnemosyne memory space maintain consistency between the contents of the 
cache and the contents of the DRAM memory. 

Mnemosyne's configuration region consists of read-only and read/write reaisters 
octlet' Ze 3 ' n confi § urati °n memory space is eight bytes: one 

Communications Chann&te 

High -bandwidth 

Mnemosyne uses the Hermes high-bandwidth channel and protocols 
implementing a slave device. v 

\^™T n * ? P< T " tU '° """I" hi S h " ban ^vidth communications channels, one 
input channel and one output channel. 

Mnemosyne uses the Hermes packet structure. Mnemosyne's SRAM memorv 
serves as the Hermes-des.gnated cache, and Mnemosvne DRAM memorv 
corresponds to the Hermes-designated device. ' "icmorv 

Configuration-region registers provide a low-level mechanism to detect skew in 

TW,TEw mPUt C £ anneI, l and /2 ■*"«« skew in the byte-wide output channel. 
This mechanism may be employed by software to adaptively adjust for skew in the 
channels, or set to fixed patterns to account for fixed signal skew as mav arise in 
device-to-device winng. - 

Serial 

A Cerberus serial bus interface is used to configure the Mnemosvne device, set 
diagnostic modes and read diagnostic information, and to enable the use of the 
part within a high-speed tester. 

The serial port uses the Cerberus serial bus interface. 
DRAM 

The DRAM interface uses TTL levels to communicate with standard high- 
capacity dynamic RAM devices. The data path of the interface is 8W+ e bits The 
DRAM components used may have a maximum size of 2& words by k bits where 
the minimum value of k is determined by capacitance limits. (Larger values of k. 
up to SW+e, meaning fewer components are required to assemble a word of 
DRAMs, are always acceptable.) 

Error Handling 

Mnemosyne performs error handling compliant with Hermes architecture. 
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For the current implementation, the following errors are designed to be detected 
and known not detected by design: 



errors detected 


errors not detected 


invalid check byte 


invalid identification numoer 


invalid command 


internal buffer overflow 


invalid address 


invalid check byte on idle packet 


uncorrectable error in SRAM cache 




uncorrectable error in DRAM memory 





Detection of an uncorrectable error in either the SRAM cache or the DRAM 
memory results in the generation of an error response packet and other actions 
more fully described elsewhere. 



Upon receipt of the error response packet, the packet originator must read the 
status register of the reporting device to determine the precise nature of the error. 
Mnemosyne devices reporting an invalid packet will suppress the receipt of 
additional packets until the error is cleared, by clearing the status register. 
However, such devices may continue to process packets which have already been 
received, and generate responses. Upon taking appropriate corrective actions and 
clearing the error, the packet originator should then re-send any unacknowledged 
commands. 

Because of the large difference in clock rate between the high-bandwidth Hermes 
channel and the Cerberus serial bus interface, it is generally safe to assume that, 
after detecting an error response packet, an attempt to read the status register via 
Cerberus will result in reading stable, quiescent error conditions and "that the 
queue of outstanding requests will have drained. After clearing the status register 
via Cerberus, the packet originator may immediately resume sending requests to 
the Mnemosyne device. 

Cerberus Registers 

Mnemosyne's configuration registers comply with the Cerberus and Hermes 
specifications. Configuration registers are internal read/only and read/write 
registers which provide an implementation-independent mechanism to query and 
control the configuration of a Mnemosyne device. By the use of these reaisters, a 
user of a Mnemosyne device may tailor the use of the facilities in a "general- 
purpose implementation for maximum performance and utility. Conversely, a 
supplier of a Mnemosyne device may modify facilities in the device without 
compromising compatibility with earlier implementations. 

Read/only registers supply information about the Mnemosyne implementation in a 
standard, implementation-independent fashion. A Mnemosyne user may take 
advantage of this information, either to verify that a compatible implementation of 
Mnemosyne is installed, or to tailor the use of the pan to conform to the 
characteristics of the implementation. The read/only registers occupy addresses 
0..5. An attempt to write these registers may cause a normal or an error response. 
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Read/write registers select the mapping of addresses co SRAM and DRAM banks, 
control the internal SRAM and DRAM riming generators, and select power and 
voltage levels for. gates and signals. The read/write registers occupy addresses 
6.. 11. 16.. 19, and 32. V * 

Reserved registers in the range 12..15, 20..31. and 33..63 must appear to be 
read/only registers with a zero value. An attempt to write these registers mav 
cause a normal or an error response. 

Reserved registers in the range 64..2 I6 -1 may be implemented either as read/onlv 
registers with a zero value, or as addresses which cause an error response if reads 
or writes are attempted. 

The format of the registers is described in the table below. The octlet is the 
Cerberus address of the register: bits indicate the posifion of the field in a register. 
The value indicated is the hard- wired value in the register for a read/only register, 
and is the value to which the register is initialized upon a reset for a read/write 
register If a reset does not initialize the field to a value, or if initialization is not 
required by this specification, a * is placed in or appended to the value field. The 
range is the sec of legal values to which a read/write register mav be set. The 
interpretation is a brief description of the meaning or utility of the register field; a 
more comprehensive description follows this table, 
octlet bits 
0 63. .16 



15. .0 



octlet bits 
1 63.. 16 



15. .0 



architecture 
code 


0x00 
40 
a3 
49 
d2 
e4 




Identifies memory device as 
compliant with MicroUnity 
Mnemosyne architecture. 


architecture 
revision 


0x01 
00 




Device complies with architecture 
Version 1.0. 


field name value ranae intemrprstinn 


impiementor 
code 


0x00 

40 

a3 

24 

Bd 

\3 




Identifies Mnemosyne Memory 
device as implemented by 
MicroUnity. 


impiementor 
revision 


0x01 
00 




Implementation version 1.0. 
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octlet 
5 



bits 


field name 


value 


r a 


~C9 


intercreiation 


63. .16 


manufacturer 
code 


OxGO 

40 

a3 

92 

b6 

79 




Identifies initial manufacturer of 
Mnemosyne •Memorv rtovirp 
implemented by MicrcUnity. 


15 .0 


manufacturer 
revision 


0x01 
00 




Manufacturing version 1.0. 


bits 


field name 


value 




"OS 


interrelation 


63. .16 


serial 
number 


0 




This device has no serial number 
capability. 




dynamic 
address 


0 




This device has no dynamic 
addressing capability. 


bits 


field name 


value 


r £ 


-oa 


interoretaticn 


63. .60 


A 


4 


0. 


15 


size of a Mnemosyne address 


59.. 56 


!og 2 W 


3 


0. 


.15 


size of a Mnemosyne word 


55. .48 


C 


13 


0. 
5 


.25 


log2 of cache capacity in words 


47. .40 


N 


40 


0. 
5 


25 


number of cache sub-blocks 
(excluding redundant blocks) 


39..36 


D 


2 


0. 


.15 


Number of divisions of cache-blocks 
covered by separate sets of 
redundant blocks. A zero value 
signifies 16 divisions. 


36..32 


R 


2 


0. 


.15 


Number of redundant blocks per 
division. A zero value signifies 16 
redundant blocks. 


31. .28 


P 


12 


0. 


.15 


Number of row and column address 
interface pins 


27..24 


K 


0 


0. 


.15 


Maximum value by which column 
address pin count may be less than 
row address pin count. 


23..20 


E 


2 


0. 


.15 


log2 of number of banks of DRAM 
expansion 


19.16 


1 


2 


0. 


.15 


log2 of maximum interleaving level 
in DRAM interface. 


15..0 




0 




Reserved for definition in later 
revision of Mnemosyne architecture 


bits 


field name 


value ranae 


interoretation 


63.0 




0 




Reserved for definition in later 
revision of Mnemosyne architecture 
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cc: 



bus 
63 
62 
61 

60 
59 



58 

57 

56..S 
49. .4 
47 

46. .45 
44 

43.. 40 
39..36 
35.32 
31. .29 

28 
27..24 
23.. 16 

15. .8 
7..0 



reset 
clear 


1 
1 


0..1 [set to invoke device's circuit reset 
0-1 set to invoke device s Innir H«r 


selftest 


0 


0..1 


set to invoke device's selftest: bits 
_60..48 may indicate death of selftest 


tester 


0 


0.1 


set to invoke tester mode 


isoiaxe/ 
synch 


U 


0.1 


-tester mode: if set. suppress cache 

misses/writebacks. 

tester mode: synch ud 


source 


0 


0.1 


-tester mode: set to 0. 
tester mode: source/analyzer 


ECC disable 


0 


D..1 


disable ECC checking: can be set 
during normal ooerating mode 


) O 
module id 


0 

n 

w 


0 

0..3 


Reserved for additional mode bits 
Module identifier. 


PLL bypass 


0 


C..1 


Setting this bit causes the PLL to be 
bypassed; the input clock signal is 
used directlv. 


PLL ranae 
extension 


n 


0 


Reserved for extensions to the PLL 
range control field. 


PLL ranae 


n 

u 


0..1 


Set to 0 if the PLL is operating at a 
low frequency; 1 if the PLL is 
operatina at a hiqh frequency 


output slope 
control 


0 


0.15 


Output slope for DRAM control 
signals 


output slope 
address 


0 


0.15 


Output slope for DRAM address 
signals 


output slope 
data 


0 


0..15 


Output slope for DRAM data signals 


SRAM timing 
extension 


0 


0 


Reserved for additional SRAM timinq 
control bits. 


SRAM timing 


0 


D..1 


Set to 1 to extend SRAM timing by 
one clock cycle. 


fcWW 3CCU 

extension 


J 


3 


extend ECC seed value when W > 8 


ECC seed 


D 


1.25 
5 


tfalue to modify ECC code computed 
op incoming data. Used to exercise 
ECC detection/correction logic, or to 
/vrite arbitrary patterns into memory 


cidle 0 


3 


1.25 
5 ( 


telue transmitted on idle Hermes 
Dutput channel when output clock 
zero (0). 


cidle 1 


155 ( 


1.25> 
5 ( 
c 


yalue transmitted on idle Hermes 
Dutput channel when output clock 
>ne(1).' 
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octle: bits 
7 63 



52 



51 
60 

59 

58 

57 

56 

55. .53 
52..4S 



47. .41 
40 



39..30 
29 

28 
27.. 24 



23.. 16 

15. .8 
7..0 



reset/clear/ 
selftest 
complete 


1 


0..1 


I his bit is set. when a reset, clear or 
selftest operation has been 
completed. 


reset/clear/ 
selftest 
status 


1 


0..1 


This bit is set when a reset, clear or 
selftest operation has been 
comoleted successfully. 


check byte 
error 


0 


0..1 


This bit is set when a received input 
packet has an incorrect check byte 


address error 


0 


0..1 


This bit is set when a receivea input 
request has an address not present 
on the device as configured. 


command 
error 


0 


0..1 


This bit is set when a packet is 
received on the Hermes input 
channel with an imorocer command. 


un- 
correctable 
I ECC error 


0 


Q..1 


This bit is set when an uncorrectable 
error is discovered in memory. 


correctable 
ECC error 


0 


0..1 


This bit is set when- a correctable 
error is discovered in memory. 


other error 


0 


0..1 


This bit is set when other errors not 
otherwise specified occur. 


\ 0 


0 


P 


Reserved "] 


PMOS drive 
strength 




0..15 


This read/only field indicates the 
drive strength of PMOS devices 
expressed as a diqital binary value. 


0 


0 


0 


Reserved 


PLL in range 




0..1 


This bit indicates that the Hermes 
input channel clock and the PLL are 
at rates such that the PLL can lock 


0 


0 


0 


Reserved 


ECC location 
flag 


0 


0..1 


0 if ECC error was in cache memory, 

1 if ECC error was in DRAM memory'. 


dirty flag 


b 


U..1 


Dirty bit if error was in cache memory 


ECC 
syndrome 
extension 


0 


0 


extend ECC syndrome value when e 
> 8 


ECC 
syndrome 


0 


0..25 
5 


Value of syndrome encountered on 
previous correctable or 
uncorrectable ECC error. 


raw 0 


0 


0..25 
5 


Value sampled on Hermes input 
channel when input clock is zero (0). 


raw 1 


255 


0..25 
5 


Value sampled on Hermes input 
channel immediately following 
sample value in raw O register. 
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cc:iet tits 
8 63. .32 

31. .0 



octlet 
9 



octlet 
10 



octlet bits 
11..15 63. .0 I" 



field name 


value 


r 3 rj r* o 


»nteroretst!Cn 


O 


0 




Reserved for handling larger address 
spaces. 


ECC addr 


0 


0..2 3 
2-1 


Address at which an ECC error was 
detected. 



bits 
63. .60 

S9..55 
S5..52 
51 .48 

47. .40 
39. .32 
31. .24 
23. .16 
15. .8 

7..0 

OltS 
63. .56 

55. .48 
47..40 
39. 32 

31 
30..24 


field name 


value ranae ini.rnp«t«i«- 


log 2 id 


0 




Number of DRAM interleaving levels 
can be computed as id - 2'°9 2id 


expand 


0 




Number of DRAM banks 


r 


0 I9..P 


Number or bits in DRAM row address 


c 


0 


9..P 


Number of bits in DRAM column 
address 


t1 


0 


0.15 


Address set up time relative to RAS 


t2 

t3 


0 
0 


0.15 
0..15 


Address hold time after RAS 


t4 


0 


0..15 


Address set up time relative to CAS 
CAS oulse width 


t5 


0 


0..15 


Page mode cycle time is t3+t4+t5, 
Page mode CAS precharge is t3+t5 


t6 


0 


□..15 


RAS precharae is t6+ti 


field name value ranoe in..m,.„„„„ 


t7 


0 


0..15 


CAS to RAS set up for refresh cycle. 
\7 >=tl to ensure RAS precharge is 
met. 


ta 


0 


0..15 


Time data bus occupied from end of 
CAS low 


t9 


0 


a. 16 


Time output data on bus from start of 
t3 


t10 


0 


0..15 


Interval between two address bus 
transitions 


refresh 
enable 


0 


D..1 


f set, generate refresh cycles. 


t11 


0 


D..12 
7 


nterval between refresh cycles. 


23..0 


0 


D 


D 


Reserved ~~i 



field name value ranoe interpretation 

0 ID P Reserved 
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octlet bits held name value rarse interpretation 



63. .55 


process 
control 


0x42 


0.25 
5 


Set global power and voltage swing 
levels. 


55. .48 


IO control 


0xc2 


C..25 
5 


Set power and voitage swing leveis 
in I/O circuits. 


47. 40 


clock dist 1 


0xc2 


0..25 
5 


Set power and voltage swing levels 
in clock distribution circuits. 


39.32 


clock dist 2 


0xc2 


0..25 
5 


Set power and voltage swino levels 
n clock distribution circuits. 


31. .26 


O 


0 


0 


Reserved 


25. .24 


digital skew 
elk 


0 


0..3 


Set number of skew delay circuits to 
insert in output HoC. 


23..22 


digital skew 
bit 7 


0 


0..3 


Set number of skew delay circuits to 
insert in outnnt Hn7 


21. .20 


digital skew 
bit 6 


0 


p.. 2 


Set number of skew delay circuits to 
insert in ntitntit Hnfi 


19.. 18 


digital skew 
bit 5 


0 


0..3 


Set number of skew delay circuits to 

insert in niitnnt Hn^ 

ii loci i »i i uuipul nvj^y. 


17.. 16 


digital skew 
bit 4 


0 


0..3 


Set number of skew delay circuits to 

in^Prt in itrv tt 

ii isci i iii uuipui nun, 


15.. 14 


digital skew 
bit 3 


0 


0..3 


Set number of skew delay circuits to 
insert in output Ho3. 


13. 12 


digital skew 
bit 2 


0 


0..3 


Set number of skew delay circuits to 
insert in output Ho2. 


11. .10 


digital skew 
bit 1 


0 


0..3 


Set number of skew delay circuits to 
insert in output Ho1. 


9.8 


digital skew 
bit 0 


0 


0..3 


Set number of skew delay circuits to 
insert in output HoO. 


7.0 


analog skew 
elk 


0xc2 


0..25 
5 


Set power and voltage swing levels 
in HoC skew delay circuits. 
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OCtict 
17 



iitS 
63. .56 

55. .46 

47 .40 

39. .32 

31. .24 

23. .16 

15. .8 

7..0 



octiet bits 
18 63. .56 

55. .48 

47. .40 

39. .32 

31. .24 

23. .16 

15..8 

7..0 



field name 


value re.rzs 


interpretation 


analog skew 
bit 7 


0xc2 


0..25 


Set power and voltage swing levels 
in Ho7 skew delay circuits. 


analog skew 
bit 6 


0xc2 


0..25 


Set power and voltage swing levels 
in Hc6 skew delay circuits. 


analog skew 
bit 5 


0xc2 


0..25 
5 


Set power and voltage swing levels 
in Ho5 skew delay circuits. 


analog skew 
bit 4 


0xc2 


0..25 
5 


Set power and voltage swing levels 
in Ho4 skew delay circuits. 


analog skew 
bit 3 


0xc2 


0.25 
5 


Set power and voltage swing levels 
in Ho3 skew delay circuits. 


analog skew 
bit 2 


0xc2 


0.25 
5 


Set power and voltage swing levels 
in Ho2 skew delay circuits. 


analog skew 
bit 1 


0xc2 


0.25 
5 


Set power and voltage swing levels 
in Ho1 skew dPlav rirriiit"? 


analog skew 
bit O 


0xc2 


0..25 
5 


Set power and voltage swing levels 

in HoO skpw riplav rirn iit<; 

' ■ • • >ww «j r> w7 vv uciay wil OUILo. 


field name 


value rarre 


interDretation 


SRAM pipe 


0xc2 


0.25 
5 


Set power and voltage swing levels 
in SRAM pipeline circuits. 


DRAM data 


0xc2 


0..25 
5 


Set power and voltage swing levels 
in DRAM data circuits. 


DRAM 

address 


0xc2 


0..25 
5 


Set power and voltage swing levels 
in DRAM address circuits. 


PLL in range 
indicator 


0xc2 


0..25 
5 


Set power and voltage swing levels 
in PLL in-range detector circuits. 


PLL phase 
detector 


0xc2 


0..25 
5 


Set power and voltage swing levels 
in PLL phase detector circuits. 


forward 
logic 


0xc2 


0.25 
5 


Set power and voltage swing levels 
in packet forwarding logic circuits. 


forward PLA 


0xc2 


0..25 
5 


Set power and voltage swing levels 
in packet forwarding PLA. 


tester logic 


0xc2 


0.25 
5 


Set power and voltage swing levels 
in tester logic circuits. 
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octiet 


bits 


19 


63. .56 




S5..43 




47. .40 




39. .32 




31. .24 




23.. 16 




15. .8 




7.0 


octiet 


bits 


on *a 1 


DJ..0 1 




hire 


32 


63..S6 




55. .48 




47. .40 




39..32 




01 A 

Ji -U 


octiet 


bits 


33..63 


63. .0 


octiet 


bits 


64.. 


63.. 0 


65536 





field name 


value 


' s n c e 


irteroretation 


tester fla 


UXC2 


0..2o 
5 


bet power and voltage swing levels 
in tester PLA. 


dual port 
RAMs 


0xc2 


O..2o 
5 


bet power and voltage swing leveis 
in 2-port RAM circuits. 


Dig FLA 


0xc2 


0..25 
5 


Set power and voltage swing levels 
in big PLAs. 


n W%M A 

small PLA 


0xc2 


0.25 
5 


Set power and voltage swing levels 
in small PLAs. 


pipeline 
interface 


0xc2 


0..25 
5 


Set power and voltage swing levels 
in pipeline interface circuits. 


other logic 2 


0xc2 


0..25 
5 


Set power and voltage swing levels 
in other logic circuits. 


other logic 1 


0xc2 


0.25 
5 


SpI nn\A/or onH \/r\\t^na. put/inn 

yuwwi aiiu vuiiaye swing leveis 
in other loaic circuits. 


other logic 0 


0xc2 


0.25 
5 


oci fjuwyr anu voitage swing levels 
in other logic circuits. 


field name 


value 




interoretation 


I o 


o 




Reserved. 


field name 


value ranzs 


interoretation 


redundant 0 


0 


0.25 
6 


Enable and address for redundant 
block 0 (partition 0) 


redundant 1 


0 


0..25 
5 


Enable and address for redundant 
block 1 (partition 0) 


redundant 2 


0 


0..25 
5 


Enable and address for redundant 
block 0 (partition 1) 


redundant 3 


0 


0..25 
5 


Enable and address for redundant 

hlnr^k 1 /rkorfitirirt 1 \ 

lhuuk i ^paruiion i / 


0 


0 


0 


Reserved for use with additional 
redundant blocks. 


fiefd name 


value ranoe 


interpretation 


0 


0 


0 


Reserved for use with additional 
redundant blocks. 


field name 


value ranoe 


interpretation 


0 


o p 


Reserved for use with later revisions I 
of the architecture. 



configuration memory space 



Identification Registers 



The identification registers in octlets 0..3 comply with the requirements of the 
Cerberus architecture. 
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MicroUnity s company identifier is: 0000 0000 0000 0010 1100 0101. 



1 Internal code name 


Code number 1 


| Mnemosyne 


OxOO 40 a3 49 d2 e4 1 


architecture revisions are specified by the following table: 


internal code name 


Code number J 


1 1-0 "~ 


0x01 00 ~ I 


Mnemosyne implementor codes are specified by the folic 


Internal code name 


Code number | 


MicroUnity 


0x00 40 a3 24 6d f3 | 



MicroUnity's Mnemosyne as implemented by MicroUnity. uses implementation 
codes as specified by the following table: 



Internal code name 


Revision number 


1.0 


0x01 00 















MicroUnity's Mnemosyne as implemented by MicroUnitv, uses manufacturer 
codes as specified by the following table: 



I Internal code name 


CJode number 


| Rollers 


0x00 40 a3 92 b6 79 j 



MicroUnity's Mnemosyne, as implemented by MicroUnity, and manufactured bv 
the KoUers, uses manufacturer revisions as specified by the following table: 



Internal code name 


Code number 


1.0 


0x01 00 















Architect ure Description R&ni^tar* 

The architecture description registers in octlets 4 and 5 comply with the Cerberus 
and Hermes specifications and contain a machine-readable version of the 
architecture parameters: A.W.C.N.D.R.P.K.E, and I described in this 
document. 
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Ccr'rQl Register 



The control register is a 64-bit register with both read and write access. It is 
altered only by Cerberus accesses: Mnemosyne does not alter the values written 
to this register. 

The reset bit or" the control register complies with the Cerberus specification and 
provides the ability to reset an individual Mnemosvne device in a system Setting 
this bit is equivalent to a power-on reset or a broadcast Cerberus reset (low level 
on bL) tor 33 cycles) and resets contiguration registers to their power-on values, 
which is an operating state that consumes minimal current. At the completion of 
the reset operation the reset/clear/selftest complete bit of the status register is 
set. and the reset/clear/selftest status bit of the status register is set. 

The clear bit of the control register complies with the Cerberus specification and 
provides the ability to clear the logic of an individual Mnemosyne device in a 
system Setting this bit causes all internal high-bandwidth logic to be reset as is 
required alter recontiguring power and swing levels. At the completion of the 
reset operation the reset/clear/selftest complete bit of the status register is set 
and the reset/clear/selftest status bit of the status register is set. 

The selftest bit of the control register complies with the Cerberus specification 
and provides the ability to invoke a selftest on an individual Mnemosvne device in 
a system. However, Mnemosyne does not define a selftest mechanism at this time, 
so setting this bit will immediately set the reset/clear/selftest complete bit and the 
reset/clear/selftest status bit of the status register. 

The tester bit of the control register provides the ability to use a Mnemosvne part 
as a component of a high-bandwidth test system for a Mnemosvne or other part 
using the high-bandwidth Hermes channel. In normal operation this bit must be 
cleared. When the tester bit is set, Mnemosyne is configured as either a signal 
source or signal analyzer, depending on the setting of the source bit of the control 
register. Four Mnemosyne parts are cascaded to perform the signal source or 
signal analyzer function. When the isolate/synch bit is set, a synchronization 
pattern is transmitted on the Hermes output channel and received on the Hermes 
input channel to synchronize the cascade of four Mnemosynes; the isolate/svnch 
bits must be turned off starting at the end of the cascade to properlv terminate the 
synchronization operation. 

When not in tester mode, the isolate/synch bit of the control register is used to 
initialize the SRAM cache and perform functional testing of the SRAM cache This 
bit must be cleared in normal operation. Setting this bit and setting the ECC 
disable bit of the control register suppresses cache misses and dirty cache line 
writebacks, so that the contents of the SRAM cache can be tested as if it were 
simple SRAM memory. A read-allocate command returns the ocdet data from the 
5RAM cache entry that would be used to cache the requested location the data is 
unconditionally returned, regardless of the contents of the tag, dirtv and ECC 
Fields of the SRAM cache entry. A read-noallocate command returns an octlet in 
the following tormat: 
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a 8 47 8 ? 



tag | undefined 



12 13 40 

A write-allocate command writes the octlet data, along with the dirtv bit set the 
tag corresponding to the requested location, and valid ECC data into the SRAM 
cache entry that would be used to cache the requested location. A vvrite- 
noallocate command writes the ocdet data, along with the dirtv bit cleared, the taa 
corresponding to the requested location, and ECC data as if the dirtv bit was set! 
!™° ?i r Sm i «S e f n "y that x V ould ^ used to cache the requested location. 
Ine bCC seed field of the control register can be set to alter the ECC data that 
would otherwise be written to the SRAM cache entrv, to write completely 
arbitrary patterns, or to write patterns in which the dirtv bit is cleared and the 
hLL data is value. 

The ECC disable bit of the control register causes Mnemosvne to ignore ECC 
errors in the SRAM cache and in the DRAM memory. This bi: mav be set during 
normal operation of Mnemosyne. ' 

The module id field of the control register sets the module address for 
Mnemosyne. The module address defines which one of four module addresses 
Mnemosyne will select to answer to read and write requests. 

l e "i" 8 u th u e P J L ^u y ? aSS b " ° f the contro1 re 8 ister causes the ""ernal docking of 
the nign-bandwidth logic to operate oft the input clock direcdy. This bit is cleared 
during normal operation. 

The PLL range field of the control register is used to select an operating range for 
the internal PLL A three-bit field is reserved for this function, of which one bit is 
currently defined: if the PLL range is set to zero, the PLL will operate at a low 
frequency (below O.xxx GHz ). if the PLL range is set to one, the PLL will operate 
at a high frequency (above O.xxx GHz). 

The output slope fields of the control register set the slew rate for the TTL 
outputs used for DRAM control, address and data signals, as detailed in a 
following section. 

Mnemosyne uses a sufficiently high-frequency clock that internal SRAM timing 
can be controlled by synchronous logic, rather than asynchronous or self-timed 
logic. Internal SRAM timing may be controlled by loading values into configuration 
registers. The current specification reserves four bits for control of SRAM timing- 
one is currendy used. e ' 

The SRAM timing bit is normally cleared, providing internal SRAM cycle dme of 4 
clock cycles. Setting the SRAM timing bit extends the cycle time to 5 clock cycles. 

The ECC seed field of the control register provides a mechanism to cause ECC 
errors and thus test the ECC circuits. The field reserves 12 bits for this purpose 8 
bits are used in the current implementation. The field must be set to zero for 
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normal operation. The value of the field is xor'ed agains; the ECC value normally 
computed tor write operation. 

The cidle 0 and cidle I fields of the control register provide a mechanism to 
repeatedly sent simple patterns on the Hermes output channel for purposes of 
testing and skew adjustment. For normal operation, the cidle 0 field must be set to 
zero (0). and the cidle 1 tield must be set to all ones (255). 

Status Bsgislsc 

The status register is a 64 -bit register with both read and write access, though the 
only legal value which may be written is a zero, to clear the register. The result of 
writing a non-zero value is not specified. 

The reset/clear/selftest complete bit of the status register complies with the 
Cerberus speciiication and is set upon the completion of a reset, clear or selftest 
operation as described above. 

The reset/clear/selftest status bit of the status register complies with the Cerberus 
specification and is set upon the successful completion of a reset, clear or selftest 
operation as described above. 

The check byte error bit of the status register is set when a received input packet 
has an incorrect check byte. The packet is otherwise ignored or forwarded to the 
Hermes output channel, and an error response packet is generated. 

The address error bit of the status register is set when a received input request 
packet has an address which is not present on the device as currently configured. 
An error response packet is generated. 

The command error bit of the status register is set when a packet is received on 
the Hermes input channel with an improper command, such as a read, write or 
error response packet. 

The uncorrrectable ECC error bit of the status register is set on the first 
occurrence of an uncorrectable ECC error in either the SRAM cache or the 
DRAM memory. The ECC location flag is set or cleared, indicating whether the 
error was in the cache memory (cleared, 0) or the DRAM memory (set, 1). The 
ECC syndrome field of the status register is loaded with the syndrome of the data 
for which the error was detected. The ECC addr register is loaded with the 
address of the data at which the error was detected. An error response packet is 
generated. Once one uncorrectable ECC error is detected, no further correctable 
or uncorrectable ECC errors are reported in the status register until this error is 
cleared by writing a zero value into the status register. 

The correctable ECC error bit of the status register is set on the first occurrence 
of a correctable ECC error in either the SRAM cache or the DRAM memorv, 
provided an uncorrectable ECC error has not already been reported. The ECC 
location flag is set or cleared, indicating whether the error was in the cache 
memory (cleared. 0) or the DRAM memory (set, 1). The dirty flag indicates, for an 
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error in the cache memory the value or' the dirty bit. The ECC svndrome field of 
detected. The ECC addr register ,s loaded with the address of the data at which 

ca rr Vrir%r7 ae ■ ° nCC UnC ? rreaa L bIe ECC e " 0r is detected - no tether 
correctable ECC errors are reported in the status register until this error is 

e rrrfvinVn^ 1 ? ' ™° ^"t ™ 0 {* re * Ister - The occurrence of this 

"° r f C r JUSe a res P. ons l e P acket «? be generated with a "stomped" check bvte 
pattern, but is not explicitly reported with an error response packet. 

L h n,r 0t TK, err0r bU ° f SCa T- r T Kt is S " vvhen errors not °^rwise specified 
occur. There are no errors ot this class reported by the current implementation. 

JnL^°L 6 A V ' Stren S th u field of ™™ register is a read/onlv field rhat 
Mn mo ?vn e ch n" Ve or ,. cond " ctan « g»«. of PMOS devices on the 

£m 2 e ch, P; ex P. rcssed , as a digital binary value. This field is used to calibrate 
the power and voltage level configuration, given variations in process 
characteristics ot mdmdual devices. The interpretarion of the field is gh-en bv the 



value 


PMOS drive strenath 


0 




1 


0.1 'nominal ~ " 


2 


0.2*nominal ' 


3 


0.3*nominal ' " 


4 


0.4*nominal 


5 


0.5"nominal ' 


6 


0.6'nominal ' " 


7 


0.7"nominal ~ " " ■ — 


8 


0.8'nominal " 


9 


0.9"nominal ' " 


10 


nominal "~ ~~ — ~" 


11 


1.1 'nominal ' ~~~ - — 


12 


2 'nominal " ■ 


13 


1.3*nominal ~~~~ ~~ — 


I 14 


1 4*nominal " ~~~~~~ "~ ~~ ~ ~" 


15 


1.5*nominal "' ~" 



The PLL in range ^bit of the status register indicates that the Hermes input 
K p^ii 6 PL. L orator are running at sufficiently similar rates sSch 
that the PLL can lock. This bit is used to verify or calibrate the settings of the PLL 
range held of the control register. 

The ECC location flag bit of the status register, described above, indicates the 
location of an uncorrectable ECC error of a correctable ECC error. If the bit is 

Eate h d inThe sS^"^*™ "™* * * * ** ^ «« ™ 
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The dirty flag bit of the status register, described above, exhibits the dirty bit read 
from cache memory that results in an uncorrectable ECC error or correctable 
ECC error. The value is undefined it the currently reported ECC error was read 
from DRAM memory. 

The ECC syndrome field of the status register, described above, exhibits the 
syndrome of an uncorrectable ECC error or correctable ECC error. A 12-bit field 
is reserved for this purpose; the current implementation uses eight bits of the 
field. The values in this field are implementation-dependent. 

ECC syndrome values representing single-bit errors for MicroUnity's first 
implementation are detailed by the following table. Entries of * are not covered bv 
the ECC code; syndrome values not shown in this table are uncorrectable errors 
involving two or more bits. 



syndrome for x= 


7 


6 


5 I 4 


3 


2 


1 


0 i 


syndrome x *o 


128 


64 


32 


16 


8 


4 


2 


1 


data XJ .o 


127 


124 


122 


121 


118 


117 


115 


112 


data x ^3 


158 


157 


155 


152 


151 


148 


146 


145 


data** i6 


174 


173 


171 


168 


167 


164 


162 


161 


data x +24 


191 


188 


186 


185 


182 


181 


179 


176 


data x+ j2 


206 


205 


203 


200 


199 


196 


194 


193 


"3aTa x *40 


223 


220 


218 


217 


214 


213 


211 


208 


data x +48 


239 


236 


234 


233 


230 


229 


227 


224 


data x +>6 


254 


253 


251 


248 


247 


244 


242 


241 


addr x +o 


* 


* 




* 




* 


* 




addr x+8 


62 


61 


59 




* 


* 


* 


* 


addr x +i6 


94 


93 


91 


88 


87 


84 


82 


81 


addr x +24 .- 




98 


97 


dirty bit 




100 



The raw 0 and raw 1 fields of the status register contain the values obtained from 
two adjacent samples of the Hermes input channel. The raw 0 field contains a 
value obtained when the input clock was zero (0), and the raw 1 field contains the 
value obtained on the immediately following sample, when the input clock was (1). 
Mnemosyne must ensure that reading the status register produces two adjacent 
samples, regardless of the timing of the status register read operation on 
Cerberus. These fields are read for purposes of testing and control of skew in the 
Hermes channel. 

ECC Address Register 

The ECC addr register indicates the address at which an uncorrectable ECC 
error or correctable ECC error has occurred. Bits 63..2P+E of the ECC addr 
register are reserved; they read as 0. If the ECC location flag bit of the status 
register is zero, the ECC addr register contains the cache address in bits C-1..0, 
and the uncorrected cache tag in bits 2P+E-1..C. 
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Di^AM Addrsss Mapping 

Mnemosyne may interleave up to 2* DRAM accesses in order to provide for 
continuous access of the DRAM memory system at the maximum bandwidth of 
the DRAM data pins. At any point in time, while some memory devices are 
engaged in row precharge, others may be driving or receiving data, and others 
may be receiving row or column addresses. In order to maximize the utility of this 
interleaving, the logical memory address bits which select the DRAM bank are the 
least-significant bits. 

A logical memory address determines which bank of DRAM is accessed the row 
and column of such an access, and which interleave set is accessed. The diagram 
below shows the ordering of such fields in a general DRAM configuration: the bit 
addresses and field sizes shown are for a four-byte logical memory address and a 
two-way interleaved configuration of lM-word DRAM devices 
31 22 21 20 11 10 



— . ■ i iu 1 0 

0 ke'l row | col |in t| 

7— 1 ioT ^ L__J 

An access request which is decoded to contain the same values in the select, row. 
and int fields as a currently active request is queued until the completion of the 
active request at which time the second request mav be handled usina a page 
mode access. This mechanism helps to maintain high bandwidth access even 
when the requests may not be perfectly interleaved, and provides for lower 
latency access in the event that the address stream is sufficiently local to take 
advantage ol page mode access. 

Mnemosyne devices may be cascaded for additional capacity, using the ma field in 
the packet formats. The memory controller must make the mapping between a 
contiguous address space and each of the separate address spaces made available 



within each Mnemosyne device. For maximum performance, the memory 
controller should also interleave such address spaces so that references to 
adjacent addresses are handled by different devices. 
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DRAM ! imino Control 



An internal state machine uses configurable settings to generate event timing, to 
accommodate DRAM performance variations. The timing of DRAM read cycles to 
a single DRAM bank is shown below: 




The timing of DRAM write cycles to a single DRAM bank is shown below: 




DRAM write cycles 
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The timing of a read cycle followed by a write cycle to a single DRAM bank is 
shown below: 



10 ,, 10 




RAd I CAd 



10 



CAS 
"WE 
D ~ 



\ 



X 



CAd 



\ 



DRAM read cycle followed by write cycle 



The timing of a refresh cycle to a single DRAM bank is shown below: 





11 

/ i ™a 


f 10 i 

\ } ) m g Li — L 


A 




"RaS 


\ 


H ± 


CAS -1 


\ 




WE 

D ■ ■ — - — 





DRAM refresh cycle 
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The time intervals shown in the figures above control the followin° events* 





i mite 
Ul II lb 


meaninu 


ti 


4 • 


Row address set up time relative to RAS. 


tz 


4 


Row address hcic time after RAS. 


t3 


4 


Column address set ud time relative to CAS 


t4 


4 


CAS puise width. The data bus is sampled for a read 
cycle at the end of t4. 


t5 


4 


Page mode cycle time is t3+t4+t5. 
Page mode CAS ore-charge is t3+t5. 


t6 


4 


RAS precharge is t6+t1. 


t7 


4 


CAS to RAS set up for refresh cycle. t7 >=t1 to ensure 
RAS precharge is met. 


t8 


4 


Time data bus assumed to be occupied fhv DRAMi aft^r 
end of CAS low (end of t4) during read cycle. During t8, 
Mnemosyne will not drive CAS low for a read from 
another DRAM bank, or start a write cycle to another 
DRAM bank. 


t9 


4 


Time data bus anven (by Mnemosyne) from column 
address drive (start of t3) during write cycle. During t9. 
Mnemosyne will not drive CAS low for a read from 
another DRAM bank, -or start a write cycle to another 
DRAM bank. 


tio 


4 


Interval between two address bus transitions. During HO. 
Mnemosyne will not change the address bus of another 
DRAM bank. This limits the noise generated by slewing 
the TTL address bus signals. 


t11 


1024 


Interval between refresh cycles. 



Additional DRAM operations may be requested before the corresponding DRAM 
bank is available, and are placed in a queue until they can be processed. 
Mnemosyne will queue DRAM writes with lower priority than DRAM reads, 
unless an attempt is made to read an address that is queued for a write operation. 
In such a case, DRAM writes are processed until the matching address is written. 
Mnemosyne may make an implementation-dependent pessimistic guess that such 
a conflict occurs, using a subset of the DRAM address to detect conflicts. The 
number of DRAM writes which are queued is implementation-dependent. 

Mnemosyne uses one address bus for each interleave because dynamic power and 
noise is reduced by dividing the capacitance load of the DRAM address pins into 
four parts and only driving one-fourth of the load at a time. A timer (tlO) prevents 
two address transitions from occurring too close together, to prevent power and 
noise on each address bus from having an additive effect. In addition, the loading 
of the already divided RAS, CAS, and WE signals is closer to the loading on the A 
signal when the address bus is also divided, reducing effects of capacitance 
loading on signal skew. 
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Power. Swing. Sk&w snd Stew C~!;hr=-^n 

Mnemosyne uses a sec of configuration registers co control the power and voltage 
levels used lor internal high-bandwidth logic and SRAM memorv. to control skew 
^ no°A?, Ut b ^' chan " e1 ' a " d W con ^ol slew races in the TTl/ output circuits of 
the DKAA1 mieriace. The details ot programming these registers are described 
below. " 

Eight-bit fields separately control the power and vokase levels used in a portion of 
the Mnemosyne circuitry. Each such field contains configuration data in the 
following rormat: 



7 6 



4 3 



Ivl 



T 



res 



] 



power and swing controls 



The range of valid values and the interpretation of the fields 
following table: 



is given by the 



field 


value 


interrelation 


ov 


0..1 


For global setting control, if set, 
turns off current sources in order to 
protect logic from damage during 
changes to voltage and resistor 
settings. This bit must be set prior to 
changing settings and cleared 
afterwards. For local setting control, 
If set. override these local settings 
by the qlobal settings. 


f Ivl 


0.7 


Set voltaqe swing level. 


res 


0..15 


Set resistor load value. 



Values and interpretations of the Ivl field are given by the following table: 



value 


voltage swing level 


0 




1 




2 




! 3 




4 




5 




6 




7 




Voltage swing level control field interpretation 
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Values and interpretations of the res field are given by the following table: 



value 


resistor lead vaiue 


0 


Reserved 


1 




2 




3 




4 




5 




6 




7 




8 




9 




10 




! 11 




12 




13 




14 




15 





load value control field interpretation 



When Mnemosyne is reset, a default value of 0 is loaded into each ov field s 
each cur field and xxx in each res field. 
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The digital skew fields set the number of delay stages inserted in the output path 
of the HoC and the Ho7..0 high-bandwidth output channel signals. Setting these 
fields as well as the corresponding analog skew fields, permits a fine level of 
control over the relative skew between output channel signals. Nominal values for 
the output delay for various values of the diaital skew and analog skew fields are 
given below: 



digital 
skew 


analog 
skew 


delay (ps) 


0 


any 


0 


1 


A-? 


135 




B 


155 




C 


175 




D 


195 




E 


215 | 


2 


A 


220 




B 


260 




C 


300 




D 


340 




E 


380 


3 


. A 


330 




B 


390 




C 


450 




D 


510 




E 


570 



When Mnemosyne is reset, a default value of 0 is loaded into the digital skew 
fields, setting a minimum output delay for the HoC and Ho7..0 signals. 



'e need to get the right values for the analog skew setting to get these nominal values. 
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The output slope fields of the control register set the slew rate for the TTL 
foEma Table C ° ntr01 * addreSS 3nd data Signals - accordin !?' co 



setting 


siew rate 
control, adc 


(V/nsj for 
iress sianals 


siew rate (V/ns) for 
data sianals 


! rising 


fallina 


! risina 


f allinn 


0 










1 






2 






3 






4 






c 
O 






6 






7 






8 










9 






10 






1 1 






12 






13 






14 






15 







SRAM Rf idundanrx/ Manninn 

Mnemosyne uses a configurable sec of redundant physical memory blocks to 
enhance the manufacturability of the cache memory. A systematic method for 
determining the proper configuration is described below. 
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To help clarifv the following description, the figure below shows the logical 

' Ph i yS,Cal ™ mo ^ [ocks ^ <he SRAM cache of McroUnit^ 
hrst Mnemosyne implementation. There are 40 physical memorv blocks M 'rh 

STlS SbI X I 0t 1 d3U ,- Th /, 4 ° bl0Cb « ^ *"-^b3» o 10 block 
each. The 40 blocks are also divided into 2 partitions of 20 blocks each and for 
each partition there are two redundant memorv blocks which can be conjured 
to substitute lor any ot the 20 blocks in that partition. The 40 blocks are aho 

disinct ZZ°"i "^l- C .° nta ^ ,n§ ? b 1 l0Cb e3ch - *' here each o S 

w ( 3 Cache , I i. ne - " cnc »«* contains eight bvtes of data, a 13-bit 
tag, a dirty bit. four unused bits, and an 8-bit ECC field. 



Legend: 



| n | physical memory block in bank n 
redundant memory block x 




EE 



E 




EE 



y sssssss.*>:*>>>: 

i \ \ \ ' 
\* * * * 
> \ \ ' 
If ✓ ✓ ✓ 
I N V X 
J * * + 
i X X \ • 
* * A * 



f f * * S 
\ V \ \_ 
' ✓ ✓ X | 

* * * 1 
' ' ' I 

* * f 



rank 4 



rank 3 



rank 2 



rank 1 



rankO 



arrangement of physical memory blocks 
for MicroUnity's first implementation 



Each redundant x field, where x is in the range O..D*R.l, controls the enabling 

5 J3TET I 0 ' 3 SI ^ le L edundam bl ° ck - Startil * at Cerberus "ddresf 
32 and bits 63 56, each successive byte controls a redundant block, covering each 

redundant blocks in partition 0. and then in successive bytes, blocks for addkional 

partitions. In other words, the redundant x field is located at Cerberus address 

32+jf, bits 63-(x mod 8)..56-(x mod 8). and specifies the redundant mapping for 
block (x mod R), of redundant partition j|. The format of each redundant x field 
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is derailed in the following figure, with bit field sizes shown for MicroUnitvs first 
implementation: 



7 6 

[EE 



5 d 



I 



ra 



redundant block controls 



The range of valid values and the interpretation of the fields is given bv the 
following table: 



field 


bits 


value 


mtsroretation 


en 


1 


0..1 


If set, use this redundant block to 
replace a physical memory block ' 


O 


D 


0 


Pad control field to a byte 


ra 


-J'092 ({[) ■ 


0*1 


Replace physical memory block at 
rank ra with the redundant block. 


ba 


'092 (£) 




Replace physical memory block at 
bank ba with the redundant block. 



Redundancy is configured by first testing the SRAM cache with the isolate/svnch 
bit if the control register set and all redundant x fields set to zero, and then again 
with each redundant x field set to 128+(x mod R). The result of the testing should 
indicate the location of all failures in the primary physical memory blocks and the 
redundant blocks. Then, each of the failed primary blocks is replaced with a 
working redundant block by setting the redundant x fields as required. 

In order to map the address and bit identities of failures to physical block failures 
the internal arrangement of bits and fields into blocks must be elaborated. First, a 
Mnemosyne memory address is divided into four pans according to the following 
figure, with bit field sizes shown for MicroUnity's first implementation: 



31 



[ 



26 25 



tag 



13 12 

r* 



1 Q 



ca 



13 



Mnemosyne cache address layout 



1 1 
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The interpretation of the fields is given by the following cable: 



field 


bits 


interpretation 


0 


8A-2P-E 


Must be zero 


tag 


t 


These cits are stored into the cache 
on a write operation and compared 
against bits read from the cache on a 
read ooeration. 


ca 


C-log 2 (jj) 


These cits are applied to the 
physical memory block to select a 
single SRAM cache word. 


ba 


"092 (") 


These bits are used to select one of 
II 

— banks of physical memory blocks. 



For each cache address and cache bank, a "line" or" information, containing a 
cache tag the cache data, and a dirty bit is stored. The internal arrangement of 
these tjelds is as shown in the following figure, with bit field sizes shown for 
iVhcroUnuy s first implementation: 

90 83 82 



data 



18 



17 16 13 12 



64 



Mnemosyne cache line layout 
for MicroUnity's first implementation 



13 



The interpretation of the fields is given by the following table 



field 


bits 


interpretation 


ECC 


e 


ECC bits used to correct single bit 
errors and detect multiple-bit errors 


data 


8W 


Data bits contain the visible cache 
data, as it aopears in the packets 


d 


1 


Dirty bit: indicates that the cache 
line needs to be written to DRAM 
memory on a miss. 


u 


5'ne8W 1 t 


Unused bits pad cache line to even 
number of physical memory blocks 


tag 


t 


Tag bits identify a Mnemosyne 
logical address for this cache line. 
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From the tables above, for each failure identified in the cache SRAM, a physical 
memory bank number, ba, can be identified from the Mnemosyne address, and a 
bit position, bi. can be identified from the Mnemosyne cache line layout, the bit 
position specifies a physical memory partition number, pa, according to the 
following formula: 



pa = 



,bi mod s*D 



90 83 82 



18 1716 1312 



data 



l<M u | tag j 



8 64 1 4 13 

90 81 80 72 71 63 62 54 53 *5 44 36 35 27 26 18 17 9 8 0 



I 1 I O I 1 I O I 



o i 1 i o i 1 i n 



Partition from bit position 
for MicroUnity's first implementation 



The bit position also identifies a physical memory block rank, ra, according to the 
following formula: 



ra = 



bt 



s*D 



90 83 82 



18 ^716 13 12 



data 



64 



Idl u | tag | 



1 4 



13 



90 



7271 



5453 



3635 



1817 



18 



18 



18 



18 



Rank from bit position 
for MicroUnity's first implementation 



18 



So, to correct a failure in the cache SRAM, one of the working redundant blocks in 
the partition pa must be configured by setting a redundant x field, where x is in 
the range pa*D+D-L.pa*D, to the value: 



7 6 
1110 



5 4 



2 1 0 

13 



redundant block controls 
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Multiple Memory Chios 



Up to four Mnemosyne memory devices may be cascaded to form effectively 
larger memories. The cascade of memory devices will have the same bandwidth as 
a single memory chip, but more latency. 



cascade of four memory devices 



Packets are explicitly addressed to a particular Mnemosvne device; anv packet 
received on a device's input channel which specifies another module address is 
automatically passed on via its output channel. This mechanism provides for the 
serial interconnection of Mnemosyne devices into strings, which function 
identically to a single Mnemosyne, except that a Mnemosvne string has larger 
memory capacity and longer response latency. 

All devices in a cascade must have the same values for A and \V parameters, in 
order that each part may properly interpret packet boundaries. 

Response Packet Timinn 

In general, a received packet which is interpreted as a command causes a 
response packet to be generated. The latency between the end of the request 
packet and the beginning of the response packet is affected bv the processing and 
forwarding of other packets, by the presence or absence of the requested word in 
the cache, by the setting of the SRAM and DRAM timing generators, by the 
presence of queued DRAM write and read requests, as well as other non- 
configurable and implementation-dependent device parameters. 

With full knowledge of the cache state, configurable parameters and 
implementation-dependent characteristics, a memory controller may completely 
model the latency of responses. However, dependence on such characteristics is 
not recommended, except for testing and characterization purposes. 

SRAM accesses, DRAM accesses, and forwarded packets typically have differing 
latency before a response or forwarded packet is generated at the' Hermes output 
channel, so that certain combinations would imply that two output packets would 
need to overlap. In such a case, Mnemosyne will buffer the later output packet 
until such time as it can be transmitted. However, the number of requests that 
can be buffered is stricdy limited to eight (the number of identification numbers) 
per Mnemosyne device. It is the responsibility of the issuer of command packets to 
ensure the number of outstanding packets never exceeds the limits of the buffer. 
Mnemosyne may use non-fair scheduling for forwarded packets to avoid buffer 
overflow conditions. 

The use of DRAM page mode accesses and interleaving requires knowledge of the 
relationship between a pair of transactions. Therefore, additional DRAM requests 
per interleave level may be transmitted before the time at which the DRAM 
controller may perform the request. These additional requests are queued and the 
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corresponding response packet is generated at a time controlled bv the DRAM 
timing generator. DRAM interleaves are serviced in an implementation- 
dependent tashion to ensure starvation-free scheduling. 



283 



Case 2:05-cv-00505-TJW Document 149 Filed 1 0/1 5/2007 Page 7 of 40 

WO 97/07450 PCT/US96/13047 



Persephone PCI Adn ntetinn 

MicroUnity's Persephone 50 PCI adaptation architecture is designed to enable 
Terpsichore systems to employ interface cards that conform to the PCP * 
(Peripheral Component Interconnect) standard. 



50 ipur-sef-uh-neel In Greek mythology. Persephone -.also called Kore) was the beautiful 
daughter of Zeus and Demeter who represented both natures growth cvcle and death. Hades 
god ot the underworld and brother ot Zeus, was lonelv in his underworld kingdom: therefore 
Zeus, without consulting Demeter. told him to take Persephone as his wife. Thus, as Persephone 
was picking flowers one day. Hades came out of the earth and carried her off to be his queen 
\Vhue the grieving Demeter goddess of grain, searched for her daughter, the earth became a 
barren wasteland. Zeus finally obtained Persephone's release, but because she had eaten a 
pomegranate seed in the underworld, she was obliged to spend four months (winter) of each vear 
there, during which time barrenness returned to the earth. 
5 'PCI standard, version 2.0. 
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Calliope Interface 

portions of this section has been temporarily removed to a separate document: 
"Calliope Interface Architecture." though it is still a mandatory area of the 
Terpsichore System Architecture. 

MicroUnity's Calliope interface architecture is designed for ultra-hieh bandwidth 
systems. The architecture integrates fast communication channels" with SRAM 
bufter memory and interfaces to standard analog channels. 

The Calliope interfaces include byte-wide input and output channels intended to 
operate at rates of at least 1 GHz. These channels provide a packet 
communication link to synchronous SRAM memory on chip and a controller for 
interlaces to analog channels. Calliope provides analog interfaces for MicroUnitvs 
Terpsichore system architecture. However, Calliope is useful in manv interface 
applications. 

Calliope's interface protocol embeds read and write operations to a single memorv 
space into packets containing command, address, data, and acknowledgement 
The packets include check codes that will detect single-bit transmission errors and 
multiple-bit errors with high probability. As manv as eight operations in each 
device may be in progress at a time. As many as four Calliope devices mav be 
cascaded to expand the buffer and analog interfaces. 

Architecture Framework 

The Calliope architecture builds upon MicroUnity's Hermes high-bandwidth 
channel architecture and upon MicroUnity's Cerberus serial bus architecture, 
and complies with the requirements of Hermes and Cerberus. Calliope uses 
parameters A and W as defined by Hermes. 
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The Calliope architecture defines a compatible framework for a familv of 
implementations with a range or capabilities. The following implementation- 
defined parameters are used in the rest of the document in boldface. The value 
indicated is for MicroUnity's first Calliope implementation 



eter 


II ii ci \J\ c lallUf 1 


Value 


Range of legal values 




log2 loaical memory words in 
SRAM buffer 


1 1 


C > 1 


A 1 

Al 


number of Al audio inputs 


1 


Al < 3 


AO 


number of AO audio outputs 


1 


AO < 3 


PO, 
PI 


PI phone inputs 


i 


PO = PI, PO < 3 


VI 


number of VI video incuts 


1 


VI < 3 


VO 


number of VO video outouts 


1 


VO < 3 


IR, II 


number of IR infrared outputs 
and II infrared inputs 


1 


IR = II. IR < 3 


SO, 
SI 


number of SO smartcard cu:cuts 
and SI smartcard inputs 


1 


SO = SI. SO <3 


EQ, 
CI 


number of EQ equalizers and CI 
cable inputs 


2 


EQ = CI. EQ £ 3 




number of CO cable outouts 


2 


CO < 3 




number of U^SK cable inputs 


1 


QPSK< 3 



Interface s and Bock Diagram 

Calliope uses two Hermes unidirectional, byte-wide, differential, packet-oriented 
data channels for its main, high-bandwidth interface between a memory control 
unit and Calliope s memory. This interface is designed to be cascadeable/ with the 
output of a Calliope chip connected to the input of another, to expand the 
interface resources that can be reached via a single set of data channels. An 
external memory control unit is in complete control of the selection and timing of 
operations within Calliope and in complete control of the timing and content of 
information on the high-bandwidth interfaces. 

A Cerberus bit-serial interface provides access to configuration, diagnostic and 
tester information, using TTL signal levels at a moderate data rate. 

Nearly all CaUiope circuits use a single power supply voltage, nominally at 3.3 
Volts (5 /o tolerance). A second voltage of 5.0 Volts (5% tolerance) is used only for 
TTL interface circuits. Power dissipation is TBD. Initial packaging is TAB (Tape 
Automated Bonding). r 

Pin assignments are to be defined: there are 17 A signal pins and 466 pins for 3 3V 
power, 5.0V power and substrate, for a total of 640 pins. 
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uUUill 


pin 


meaninc! 


1 Q 

I O ! 


niU. M17 o 


hi-bandwidth input 


i O 


nOU. nO? Q 


hi-bandwiath output 




















6 


SC. SD. SN 3 o 


Cerberus interface 


174 




total signal pins 


? 


VDD 


3.3 V above VSS 


? 


VCC-2 


5.0 V above VSS 


? 


vss 


most negative suddIv 


640 




total pins 



The following is a diagram of the Calliope device interfaces: (Numerical values are 
shown for MicroUnity's first implementation.) 



H C Hi7..0 



Ho7..0 HoC 

A 4 



vcc 



VDD 




vss_S- 




? 



T 



Calliope external block diagram 



7 



' 2 Internal circuit documentation names this sisnal VDDO. 
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Absolute Maximum Ratings 


MIN 


NOM 


MAX 


UNIT 





















































Recommended operating conditions 


MIN 


NOM 


MAX 


UNIT 


REF 


Vj: Termination equivalent voltage 


4.5 


5.0 


5.5 


V 




Main supply voltage VDD 


3.14 


3.3 


3.47 


V 


VSS 


TTL supply voltage VCC 


4.75 


5.0 


5.25. 


V 


VSS 


Operating free-air temperature 


0 




70 


c 
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Electrical characteristics 


MIN 


TYP 


MAX 


UNIT 


REF 


Von: H-state outDut voltaae HoC. Ho? n 








V 


VDD 


Vcl' Estate output voltaae HcC. Ho? n 








V 


VDD 


V| H : H-state input voltaae HiC. Hi? n 








V 


VDD 


Vjl: L-state input voltage HiC. Hi? o 








V 


VDD 


low: H-state output current HoC. H07 0 








mA 




IOL' L-staie output current HcC. H07 * 








mA 




Iih: H-state input current HiC. H17 0 








mA 




liU L-state input current HiC. Hi> n 








mA 




Cin: Input capacitance HiC. H17 0 








PF 




Cqut: OutDut capacitance HoC, Ho? 0 








r~ 

Pr 




Voh: H state output voltage A^q^ q . 


£4 






V 


woe 

' uu 


V^- L state output voltage A- < Pq G - 


0 




: 


V 


v/cc 


Vcl: L-state output voltage SD 


0 




0.4 


V 


VSS 


Vu-i: H otato input vnltnqr Hf>, n r | 
Vh.: L state input voltage DQx^ 


2-4 






V 




Vir: H-state input voltage SD 


2.0 




5.5 


V 

V 


vss 


Vih: H-state input voltage SC. SNh n 


2.0 




5.5- 


V 


vss 


Vh : L-state inDut voltaae qmo n 


-u.o 




0.8 


V 


vss 


^qh: H state output current A^-^qo q - 








t±A 




]Qfe L state output current An n 3 0 - 






+6 


noA 




Iol: L-state output current SD 






16 


mA 




loz: Oft-state output current SD 
Iqz.. Off state output current DCbu— a 


-10 




10 


fiA 




Iih: H-state input current SC, Sf\h n 


-4G 
-10 




40 
10 


K A 




lit. L-state input current SC. SN-? n 


-10 




10 


^A 




Cin: Input capacitance SC. SN-? 0 






4.0 


PF 




Cout: Output or input-output 
capacitance, SD HW-e^r-ftAS^-s- 






4.0 


PF | 
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Swiicning characteristics 


IVI 1 INI 


I Tr 


1,4 A V 

MAX 


UNIT 










ps 


tBCnr HiC clock high time 








ps 


tBCU HiC clock low time 


600 






PS 


tBT: HiC clock transition time 






100 


ps 


t B s: set-uo time. H17 n valid to HiC xition 


200 




100 


Ub 


tBH: nold time. HiC xition to Hi7 c invalid 


-200 




-100 

1 \J\J 


ps 


tos- skew between HoC and H07 n 


-50 




50 


PS 


tc; SC clock cycle time 


50 






ns 


tCH: SC clock high time 


20 






ns 


tcu SC clock low time ^ 


20 






ns 


tj: SC clock transition time 






5 


ns 


ts: set-uo time. SD valid to SC rise 








ns 


tj-i: hold time. SC rise to SD invalid 








ns 


too- SC rise to SD valid 


5 






ns 



Logical and Phv^inn! M&mnr\/ §£n mt, 

Calliope defines two regions: a memory region, implemented bv an on-device 
static RAM memory along with high-bandwidth control registers and a 
configuration region, implemented by on-device read-only and read/write 
registers. Ihese regions are accessed by separate interfaces; the Hermes channel 
used to access the memory region, and the Cerberus serial interface used to 
access the configuration region. These regions are kept logically separate. 

The Calliope logical memory region is an array of 2»A wor d s 0 f size W bvtes Each 
memory access either a read or write, references all bvtes of a single block Ail 
addresses are block addresses, referencing the entire block 



8W-1 



28A.! [ 



8W 



Logical memory organization 



Calliope's SRAM memory is a buffer for data which flows to or from interface 
devices. 

Calliope's configuration region consists of read-onlv and read/write registers. The 
size or a logical block in the configuration memory space is eight bytes: one octlet. 
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Communications Channel* 



Hon - oandwidth 

Calliope uses the Hermes high-bandwidth channel and protocols, implementing a 
slave device. • 

Calliope operates two Hermes high-bandwidth communications channels, one 
input channel and one output channel. 



Calliope uses the Hermes packet structure. There is no structure corresponding 
to the Hermes-designated cache, so the no-allocate attribute of read and write 
operations has no eltect.. 



Conhguration-region registers provide a low-level mechanism to detect skew in 
the byte-wide input channel, and to adjust skew in the bvte-wide output channel 
ihis mechanism may be employed by software to adaptivelv adjust for skew in the 
channels, or set to fixed patterns to account for fixed signal skew as mav arise in 
device-to-device wiring. 

Serial 

A Cerberus serial bus interface is used to configure the Calliope device set 
diagnostic modes and read diagnostic information, and to enable the use of the 
part within a high-speed tester. 

The serial port uses the Cerberus serial bus interface. 

Error Handling 

Calliope performs error handling compliant with Hermes architecture. 

For the current implementation, the following errors are designed to be detected 
and known not detected by design: 



errors detected 


errors not detected 


invalid check byte 


invalid identification number 


invalid command 


internal buffer overflow 


invalid address 


invalid check byte on idle packet 




uncorrectable error in SRAM buffer 







Upon receipt of the error response packet, the packet originator must read the 
status register of the reporting device to determine the precise nature of the error. 
Calliope devices reporting an invalid packet will suppress the receipt of additional 
packets until the error is cleared, by clearing the status register. However, such 
devices may continue to process packets which have already been received, and 
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generate responses. Upon taking appropriate corrective actions and clearing the 
error, the packet originator should then re-send any unacknowledged commands. 

Because of the large difference in clock rate between the hiah-bandwidth Hermes 

channel and the Cerberus serial bus interface, it is generally safe to assume that 

alter detecting an error response packet, an attempt to read the status register via 

Cerberus mil result in reading stable, quiescent error conditions and "that the 

queue or outstanding requests will have drained. After clearing the status resister 

v ' 3 > e [, bcrus - the P ackct originator may immediately resume sending requests to 
the Calliope device. ° M 

Cerberus Registers 

Calliope's configuration registers comply with the Cerberus and Hermes 
specifications. Cerberus registers are internal read/onlv and read/write registers 
which provide an implementation-independent mechanism to querv and control 
the configuration of devices in a Terpsichore system. By the use of these registers, 
a user of a Terpsichore system may tailor the use of the facilities in a general- 
purpose implementation tor maximum performance and utility. Conversely, a 
supplier of a Terpsichore system component may modify facilities in the device 
without compromising compatibility with earlier implementations. These registers 
are accessed via the Cerberus serial bus. 

As a device component of a Terpsichore system, each Calliope interface contains 
a set of Cerberus-accessable configuration registers. Additional sets of 
configuration registers are present for each device in a Terpsichore system, 
including Euterpe processor devices, and Mnemosyne memory devices. 

Read/only registers supply information about the Terpsichore system 
implementation m a standard, implementation-independent fashion. Terpsichore 
software may take advantage of this information, either to verify that a compatible 
implementation ot Calliope is installed, or to tailor the use of the pan to conform to 
the characteristics ot the implementation. 

The read/only registers occupy addresses 0..5. An attempt to write these registers 
may cause a normal or an error response. 

Read/write registers select operating modes and select power and voltage levels 
tor gates and signals. The read/write registers occupy addresses 6..7, 10..14 and 

Reserved registers in the range 8..9, 15.24 and 33. .63 must appear to be read/only 
registers with a zero value. An attempt to write these registers may cause a normal 
or an error response. 

Reserved registers in the range 64.2^-1 may be implemented either as read/onlv 
registers with a zero value, or as addresses which cause an error response if reads 
or writes are attempted. 
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The format of the registers is described in the table below. The octlet is the 
Cerberus address ot the register; bits indicate the posifion of the field in a register. 
The value indicated is the hard-wired value in the register for a read/only register, 
and is the value to which the register is initialized upon a reset for a read/write 
register. If a reset does not initialize the field to a value, or if initialization is not 
required by this specification, a w is placed in or appended to the value field. The 
range is the set of legal values to which a read/write register may be set. The 
interpretation is a brief description of the meaning or utility of the register field; a 
more comprehensive description follows this table. 



ocriet 
0 



bits 

63. ie 



15. .0 



octlet bits 
1 63.. 16 



15. .0 



octlet bits 
2 63.. 16 



15. .0 



field name 


value ranee 


mteroretation 


architecture 
code 


0x00 

40 

a3 

92 

b4 

49 




Idsntifies interfac° devicp as 
compliant with MicroUnity Calliope 
architecture. 


architecture 
revision 


0x01 
00 




Device complies with architecture 
version 1.0. 


field name 


value ranae 


mteroretation 


implementor 
code 


0x00 

40 

a3 

49 

db 

3c 




Identifies Calliope interface device 
as implemented by MicroUnity. 


implementor 
revision 


0x01 
00 




Implementation version 1.0. 



field name 


value 


ranae 


interrelation 


manufacturer 
code 


0x00 

40 

a3 

a4 

6d 

ff 




Identifies initial manufacturer of 
Calliope interface device 
implemented by MicroUnity as 
MicroUnity. 


manufacturer 
revision 


0x01 
00 




Manufacturing version 1.0. 



octlet bits 



field name 



value ranae 



interpretation 



3 63.. 16 


serial 


0 




This device has no serial number 




number 






capability. 


15. .0 


dynamic 


0 




This device has no dynamic 




address 






addressing caoability. 
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5 



bits 


field name 


value rancs 


miercretation 


63..60 


A 


4 


0..15 


size of a Hermp<; arlrirp<?<; ' 

^ w w 1 wi » 1 W fill w ij Q W U 1 ww w 


59.56 


log 2 W 


3 


0..15 


size of a Hermes word 


55. .43 


c 


11 


0..25 
5 


log2 of buffer capacity in words 1 


47. .0 


o 


0 


0 


nttbciveu ror aeriniiion in later 
revision of Calliooe architecture 


bits 


field name 


value ranee 


intercretation 


63.20 


0 


0 


0 


Reserved for definition in later 
revision of Calliooe architecture 


19.. 18 


Al 


1 


0..3 


number of Al audio inputs 


17. .16 


AO 


1 


0..3 


number of AO audio outputs 


15.. 14 


PO, PI 


1 


0.3 


number of PO Dhone outDuts and PI 

">*w» w i f~/ 1 1 Ul lw UUl|JUlvJ CI i >\J 1 1 

phone inouts 


13.. 12 


VI 


1 


0.3 


number of VI virtpn innnf^ 


11. .10 


VO 


1 


0.3 


number of VO vifipn m itm ifc 


9. .8 


IR, II 


1 


0.3 


number of IR infrared outputs and II 
infrared inputs 


7. .6 


SO, SI 


1 


0..3 


number of SO smartcard outputs and 
SI smartcard inputs 


5. .4 


EQ, CI 


2 


0..3 


number of EQ equalizers and CI 
cable inputs 


3. .2 


CO 


2 


D..3 


number of CO cable outputs 


1.0 


QPSK 


1 


0.3 


number of QPSK cable inputs 
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ccriet bits 
6 63 
62 
61 

60 



59. .50 
49..48 
47.33 
32 



31. 16 

15. .8 



7.0 



reset 


1 0.1 


set to invoke device's circuit reset 


clear 


1 


0..1 


set to invoke devices loaic clear 


seiitest 


0 


0.1 


set to invoke device's selftest: bits 
60 . 48 may indicate deoth of selftest 


defer writes 


0* 


0..1 


set to cause writes to octlets 25.. 43 
to be deferred until the next logic- 
clear cr non-deferred write. \ 


0 


0 


D 


Reserved 


module id 


0 


0..3 


Module identifier. 


0 


0 


0 


Reserved 


Hermes 
channel 

Hi caklo 


1 


0..1 


Set to cause Hermes input channel 
to be ignored and idles to be 
generated on outout channel. 


! o 


0 


0 


Reserved 


cidle 0 


°* 


0..25 

5 


Value transmitted on idle Hermes 
output channel when output clock 
zero (0). 


cidle 1 


255* 


C..25 
5 


Value transmitted on idle Hermes 
output channel when output clock 
one (1). 
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Gcrist bits 
7 63 



62 



61 
60 

59..57 
56 

55 

54 

53 



52.. 16 
15..8 

7.0 



reset/clear/ 
selftest 
complete 


1 


0..1 


unci ui ~iai!ui i 

this bit is set when a reset, clear or 
selftest operation has been 
comolete'd. 


reset/clear/ 
selftest 
status 


1 


0.1 


This bit is set when a reset, clear or 
selftest operation has been 
completed successfully. 


meltdown 
detected 


0 


0..1 


This bit is set when the meltdown 
detector has caused a reset. 


low voltage 
or 

temperature 


0 


0..1 


This bit is set when the voltage or 
temperature is too low for proper 
operation of loqic circuits. 


O 


0 


0 


Reserved for indicating additional 
causes of reset. 


Cerberus 
transaction 
error 


0 


0..1 


This bit is set when a Cerberus 
transaction error has caused a 
machine check. 


Hermes 
check byte 
error 


0 


CJ..1 


This bit is set when a Hermes 
channel check byte error has caused 
a machine check. 


Hermes 
command 
error 


0 


0..1 


This bit is set when a Hermes 
channel command error has caused 
a machine check. 


Hermes 
address error 


0 


0..1 


This bit is set when a Hermes 
address error has caused a machine 
check. 


0 


0* 


0 


Reserved 


raw 0 


m 


0..25 
5 


Value sampled on specified Hermes 
channel when input clock is zero (0). 


raw 1 \ 




0..25 
5 


Value sampled on specified Hermes 
channel immediately following 
sample value in raw O register 



octlet bits field name value range 
8.-9 63. .0 | O |Q j0 



interpretation 



Reserved 
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bits 


fislrt noma 
I Id (J limine 


/aius 




inte r cr9raticn 


63. .56 


o 


o 


IC 
IV 


RpQftrwoH 


55. .48 


I PLL anob 


224 


£.222 


ruL dnaioy-Knoc settings 


47 .40 


o 


o 


o 




39. .32 


CI2 test 


0 


FT 


Pl9 tocr ~ ~ ntr/^l 
\s\c. Icbl ^wNiroi 


31. .24 


CI1 test 


o 


0 7 


v^i i ttjbi control 


23 .16 


CI2adc anob 


224 


C 23C 


CI2 ADC analoa-knob settinas ~ 


15.. 12 


iiiier 


o 


\J..I 


CI2 Q filter adjust 


11. .8 


CI2I filter 


o 


0.7 


CI2 I filter adjust 


7 A 

( .A 


0 


0 


0 


Reserved 


3 


CI2 VCO 


0 


0..1 


CI2 external VCO switch 


2 


CI2 LNA 


0 


o..- 


CI2 incut LNA enable 


1 


CI2Q ADC 
preamplifier 


0 


0..1 


CI2 Q ADC preamDlifier disable 


0 


CI2I ADC 
preamplifier 


0 


Q..1 


CI2 1 ADC preamplifier disable 


Kite* 

DNS 


field name 


value 




interoretatron 


63. .56 


wi i syn anoD 


00 A 




CI1 synthesizer analog-knob settinas 


55 


wwa inVcri 


u 


U..1 


U02 inversion control 


54 


WW 1 inVBrl 


n 
u 


U.. 1 


CQ1 inversion control 


53 


vi44 inveri 


n 
u 


U.. I 


U2a inversion control 


52 


viau invert 


U 


U.. 1 


CI2b inversion control 


51 


viia invert 


U 


U..1 


CI 1a inversion control 


50 


wi id invert 


r\ 
U 


LJ..1 


CI 1b inversion control 


49 48 


w 


u 




Reserved 


47..40 


CHadc anob 


224 


C..230 


CM ADC analog-knob settinqs 




CI1Q filter 


3 


0..7 


PI1 Q filter adjust 


35..32 


CI1I filter 


3 


0.7 


CM I filter adjust 


31. .28 


0 


0 


0 


Reserved H 


27 


CI1 VCO 


0 


0..1 


C1 1 external VCO switch 


26 


CI1 LNA 


0 


0..1 


CM input LNA enable 


25 


CI1Q ADC 
preamplifier 


0 


0..1 


CM Q ADC preamplifier disable 


24 


cm ADC 
preamplifier 


0 


0..1 


CM 1 ADC preamplifier disable 


23.. 16 


CI2syn anob 


224 


C .230 


CI2 synthesizer analog-knob settinqs 


15..8 


refclk anob 


224 


0..23O 


reference clock divider analog-knob 
settings 


7..0 


CLIO anob 


224 


0..230 


CLIO analog-knob settings 
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octlet bits Held name vai'jg -;rce interpretation 



12 



63 

62. .56 

55. .34 

33 

32 
31. .24 
23.. 16 
15. .5 
7..0 


capacitor 
calibration 


0 


0..1 


Set to enable capacitor calibration. 


capacitor 
calibration 
result 


0 


0..12 
7 


Result of capacitor calibration. 


0 


0 


0 


Reserved 


VI invert 


0 


0..1 


VI inversion control 


VO invert 


0 


0..1 


VO inversion control 


VI anob 


224 


Z..230 


VI analog-knob settings 


VO anob 


224 


p 220 


VO analog-knob settings 


C01 anob 


224 


Z 230 


C01 analog-knob settinas 


C02 anob 


224 


3.. 230 


C02 analoo-knob settinas 


bits 
63 
62..56 

55 

54 

53 

52 
51. .50 
51. .48 
47. .40 
39.32 

25..24 
23.. 16 
15. .13 

12 
11. .8 
7.4 
3.0 


fieldname value 'ancs inrernr^tinn 


0 


0 


c 


Reserved 


C02 
configuration 


0 


a. 12 

7 


C02 configuration control 


Al invert 


0 


C..1 


Al inversion control 


PI invert 


0 


0..1 


PI inversion control 


PO invert 


0 


0..1 


PO inversion control 


AO invert 


0 


0..1 


AO inversion control 


AIR bias 


2 


0..3 


Al right amplifier bias level 


AIL bias 


2 


0..3 


Al left amplifier bias level 


AIR anob 


224 


C..230 


Al right analog-knob settings 


AIL anob 


224 


C..230 


Al left analog-knob settings 


0 


0 . 


b 


Reserved 


PI bias 


2 


0..3 


PI amplifier bias level 


PI anob 


224 


C .230 


PI analog-knob settings 


O 


0 


0 


Reserved 


mute 


1 


0..1 


AO and PO mute 


PO filter 


7 


0..15 


PO antialias filter adjust 


AOR filter 


7 


0..15 


AO right antialias filter adjust 


AOL filter 


7 


0..15 


AO left antialias filter adjust 
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zc:\et bits 
U 63. .56 
55. .48 
47. .40 

39 
38. .32 

31.16 

15. .0 



cctiet bits 
15 .24 63. .0 



octlet 
25 



octlet 
26 



bits 
63. .56 
55. .48 
47. .40 
39..32 
31 .24 
23.. 16 
15. .8 

7.0 

bits 
63..56 
5S..48 
47. .40 
39..32 
31. .24 
23..16 
15..8 

7.0 





valu€_r 2 — e .n.»r««.-».«« 


0 




Reserved — , 




0 p..7 


EQ2 test control 


EQ1 test 


0 p. .7 


EQl test control 


0 


0 p 


Reserved 


C01 

configuration 


o 


C01 configuration control 


left priority 


p. .65 
B36 


left priority 


right priority 


0.. 65 
(536 


right priority 


field name 


value ranee intern^ti^ 


0 


0 


0 


Reserved for expansion of Cerberus 
registers upward or knobcity registers 
downward. 


field name value ra-ce inrprrrct^^n 




224 




geographical diaital knob seninas 




224 


C..T27 


geographical digital knob sertmas ~ 




224 


G..127 


geographical digital knob seuinqs 




224 


0..-.27 


geographical digital knob settings 




224 


G..127 


geographical digital knob settinqs 




224 


0..127 


geographical digital knob settinqs 




224 


0.127 


geographical diqital knob settinqs 




224 


0.127 


geographical digital knob settinos 






224 


C. 127 


geographical diqital knob settinqs 




224 


0..127 


geographical digital knob settings 




224 


0.127 


geographical diqital knob settinqs 




224 


0..127 


geographical diqital knob settinqs 




£24 


0..127 


geographical digital knob settinqs 




224 


0..127 


geographical diqital knob settinqs 




224 


0.127 


geographical diqital knob settinas 




224 


0..127 


geographical diqital knob settinqs 
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octlet bits 

27 63. .56 
55. .48 
47. .40 
39.32 
31. .24 
23.. 16 

15..8 
7..0 

octlet bits 

28 63..S6 
55. .48 
47. .40 
39. 32 
31. .24 
23.. 16 

15..8 
7.0 

octlet bits 

29 63. .56 
55. .48 
47. .40 
39..32 
31. .24 
23. .16 

15. .8 
7.0 

octlet bits 
29 63..S6 


'■M name va j«ra- M ~- 




22^ 


_ L * Igeoqraohical diaital knob settinas 




224 


h - qeoaraDhical diaital knob settinas 




22^ 


F laeoaraohical diqital knob seninas 




224 


F r- laeoaraohical diaital knob settinas 




224 
224 


F - Igeoqraohical diaital knob settinas 




224 


F laeoaraohical diaital knob settinas 
F - laeoaraohical digital knob settings 




224 


|- - laeoaraohical diaital knoh ^tnnnc 


, *§!dJQa™ value -r - i^,™,^ 




224 


1 1 Igeoqraohical digital knob seninas 




224 


1 (geographical diaital knob settinas 




224 


L - Igeoaraphical diaital knob seninas 




224 


- - Igeoaraphical diaital knob settinas 




224 


F - Igeoqraohical diaital knob settinas 




22^ 


F - Igeoqraohical diaital knnh QPtr.nnc 




224 


c r 


geographical diqital knob settinas 




22<i 




geographical diqital knob settinas 


fieldname value ra-= 3 - 




224 


C '2- 


geographical diqital knob settinqs 




224 


C '2r 


geographical diqital knob settinqs 




224 


C -27 


geographical diqital knob settinqs 




224 


C.,'2? 


geographical digital knob settinqs 




£24 


C..-27 


geographical diqital knob settinqs 




224 


C..-27 


geographical diqital knob settinqs 




224 


C./2 7 


geographical diqital knob settinas 




224 


C./2- 


geographical digital knob settinas 




Hermes 
channel 
knob 


5 


1..;27 


knob settings for Hermes channel 
circuits. 


55..48 




224 


:..*»27 


geographical diqital knob settinqs 


47..40 




224 


3..: 27 


geographical diqital knob settinqs 


39. .32 




224 


3.."! 27 


geographical diqital knob settings 


31..24 




224 


1.127 


geographical diqital knob settinqs 


23.. 16 




224 


:..127 


geographical diqital knob settinqs 


15..8 




224 


3..127 


geographical digital knob settinqs 


7.0 




224 c 


J..-.27 


geographical diqital knob settings 
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63. .62 


neia name 

Hermes 
skew swing 


•/3IU 

0 


9 f 2 

0. 


r - ~ miersretauon 

.3 Voltage swing selection for Hermes 
channel skew circuits 


61. .60 


0 


0 


0 


Reserved 


59. .57 


resg 


5 


0. 


.7 Global resistor mask for all knobs. 


56..S3 


0 


0 


0 


Reserved 


52..4S 


termination 

• w ■ inn ia kiwi i 

fine-tuning 




.0.. 31 Set based on value read from PMOS i 
.drive strength, used to fine-tune 
resistor values in Hermes 
termination. i 


47. .45 


0 


0 


0 


.Reserved 


44. .40 


process 
control 


20 


0. 


31 Set based on value read from PMOS : 
'drive strength, used to fine-tune ; 
•resistor values in knob settings. ! 


39..37 


0 


0 


■0 


Reserved 


3S..32 


PMOS drive 
strength 




.0..31 «This read/only field indicates the 
I ^drive strength of PMOS devices 
expressed as a diaital binarv valup 


31. .28 


swing 3 


15 


i0. 


15 Voltaae swing knob setting 3 \ 


27. .24 


swing 2 


15 


0. 


iS.Voltaqe swinq knob settinq 2 ; 


23. .20 


swing 1 


15 


;o. 


15iVoltage swinq knob setting 1 j 


19.. 16 


swing 0 


15 


'0. 


15 'Voltage swing knob settinq 0 i 


15..2 


reference 3 


15 


iO. 


15 [Voltage reference knob settino 3 


11. .8 


reference 2 


15 


;0. 


15'Voltage reference knob setting 2 \ 


7. .4 


reference 1 


15 


10. 


15iVoltage reference knob settina 1 


3..0 


reference 0 


15 


'0..l5iVoltage reference knob settina 0 ! 
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oc:ie! bits Held name value rarce 



53. .58 


0 


0 


0 


Reserved 


57 


PL 1 
prescaler 
bypass 




n 1 

U.. I 


Set to invoke PLLO and PLL1 
prescaler bypass, otherwise divide 
input clock by 20. 


5S 

JU 


conversion 
prescaler 
bypass 


n 
u 


n 1 

U.. I 


Set to invoke temperature conversion 
prescaler bypass, otherwise divide 
input clock by 20. 


55. .51 


PLL2 divide 
ratio 


20 


1..31 


PLL2 divider ratio 


50 


PLL2 

feedback 
bypass 


r 


0..1 


Set to invoke PLL2 feedback bypass. 


49 


PLL2 range 




D..1 


Set for operation at high frequency 
(above O.xxx GHz); cleared for 
operation at low frequency (below 
O.yyy GHz). 


48 


PLL2 
oscillator 
select 


0 


0..1 


Set to select multivibrator oscillator; 
cleared to select ring oscillator. 


47. .43 


PLL1 divide 
ratio 


12 


3..13 


PLL1 divider ratio 


42 | 


PLL1 

feedback 
bypass 


1* 


0..1 


Set to invoke PLL1 feedback bypass. 


41 


PLL1 range 


0* 


0..1 | 


Set for operation at high frequency 
(above O.xxx GHz); cleared for 
operation at low frequency (below 
O.yyy GHz). 


40 


PLL1 
oscillator 
select 


0 


0..1 


Set to select multivibrator oscillator; 
cleared to select ring oscillator. 


39..35 


PLLO divide 
ratio 


12 


6.. 13 


PLLO divider ratio 


34 


PLLO 
feedback 
bypass 


1 


0..1 


Set to invoke PLLO feedback bypass. 


33 


PLLO range 


0 


0..1 


Set for operation at high frequency 
'above O.xxx GHz); cleared for 
operation at low frequency (below 
O.yyy GHz). 


32 


PLLO 

oscillator 
select 


0 


0..1 


Set to select multivibrator oscillator; 
cleared to select ring oscillator. 


31. .24 


analog 
measurement 


0 


0..25 
5 


Set to measure analog levels at 
various test points within device. 
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33.63 



23. .22 


meltdown 
I inresnold 


0 


0..3 
I 1 


Set to perform margin testing of the 
meltdown detector. 


9 1 


conversion 
start 


0 


r 


Setting this bit causes the 
conversion to begin. The bit remains 
set until conversion is complete 


20 


O 


0 


o 


Reserved, (selection extension) 


19 16 


conversion 
selection 


0* 


0.9 


Reld selects which of ten 
measurements are taken 


15. .10 


0 


0 




Reserved, (counter extension) 


9..0 


conversion 
counter 


0* 


0..10 
23 


This field is set to the two's 
complement of the downslope count. 
The counter counts upward to zero, 
and then continues counting on the 
upslope until conversion comoletes. 


bits 


field name 


value 


rsree 


interDretation 


63 


O 


0 


D 


Reserved 


62 


quadrature 
bypass 


0" 


0..1 


Setting this bit causes the 
quadrature circuit to be bypassed; 
the input clock signal is used 
directly. 


61 


quadrature 
range 


0* 


0..1 


Set to 0 if the Hermes channel is 
operating at a low frequency; 1 if the 
Hermes channel is operating at a 
high frequency. 


60 


output 
termination 


1 


0..1 


Set to enable output terminators. 
Cleared to disable output 
terminators. 




termination 

FPcicf anf^o 

1 C9l9ldllWV 


1 


0..7 


Set termination resistance level. 


S6..54 


Ait#mi# 

uuipui 
current 


i 


u../ 


Set output current level. 


53. .48 


skew bit 7 


1 


D 63 1 


oct uciay in no/ SKew circuit. 


47. .42 


skew bit 6 


1 


W. ,U\J I 


oei ueiciy in noo SKew circuit. 


41. .36 


skew bit 5 


1 


0 

w. .UJ i 


oci uclay in noo SKew circuu. 


35..30 


skew bit 4 


1 


0..63: 


Set delay in Ho4 skew circuit. 


29. .24 


skew bit 3 


1 


D..63! 


Set delay in Ho3 skew circuit. 


23. .18 


skew bit 2 


1 


0..63: 


Set delay in Ho2 skew circuit. 


17. .12 


skew bit 1 


1 


0..63 


Set delay in Ho1 skew circuit. 


11. .6 


skew bit 0 


1 


0..63- 


Set delay in HoO skew circuit. 


5..0 


skew elk 


1 


0..63! 


Set delay in HoC skew circuit. 


bits 


field name 


value ranae 


interpretation 


63..0 


0 


0 


0 


Reserved for use with additional 
Hermes channel interfaces 
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ocriet bus 
od . 63 . 0 
65536 



Jiefd name 



value '2.-.~s 



ojo 



nteroreianon 



Reserved for use with later revisions 
of the architecture. 



configuration memory soace 



Idertificatior) R^ni^tnr.c; 

^i^s^sr" ,n oct,c,s 0 5 complv wuh chc rcquircments ° f the 

MicroUnity's company identifier is: 0000 0000 0000 0010 1100 0101. 



Internal code name 


1 Code number i 


ICalliooe 


j 0x00 40 a3 92 b4 49 i 



Calliope architecture revisions are specified by the following table 



1 Internal code name 


Code numcer ' 


h.o 


0x01 00 



MicroUnity's Calliope implementor codes are specified by the following table: 



I Internal code name 


Code number I 


I MicroUnity 


0x00 40 a3 49 db 3c | 



Internal code name 


Revision number 


1.0 


0x01 00 







MicroUnity's Calliope as implemented by MicroUnity, uses manufacturer codes 
as specified by the following table: 



Internal code name 


Code number j 


MicroUnity 


0x00 40 a3 a4 6d ff j 



MicroUnity's Calliope as implemented by MicroUnity, and manufactured bv 
MicroUnity, uses manufacturer revisions a* snprifieA k„ rk» f«n~.„: ..ui_. 



Internal code name 


Code number 


1.0 


0x01 00 
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Arcnrecturs Descriptor Pgg;,c:cr^ 

The architecture description registers in octlets -I and 5 complv with the Cerberus 
speahcauon and contain a rnachine-readable. version of the architecture 
parameters: A, «, C AI AO, PO, PI, VI, VO, IR. II. SO, SI, EQ, CI, CO, and 
QPSK described in this document. 

The architecture parameters describe characteristics of the Hermes interface, 
capacity ot the Calliope butter memory-, and the number of audio, phone, video 

Edc£ T d ' s . marccard v and 5 abIe in P ut and output channels, and the number of 
QPSK cable input channels. 

Centre! Peoist&r 

The control register in octlet 6 is a 64-bit register with both read and write access. 
It is altered only by Cerberus accesses: Calliope does not alter the values written 
to this register. 

The reset bit of the control register complies with the Cerberus specification and 
provides the ability to reset an individual Calliope device in a svstem. Writing a 
one (1) to this bit is equivalent to a power-on reset or a broadcast Cerberus reset 
(low level on SD for 3) cycles) and resets configuration registers to their power-on 
values, which is an operating state that consumes nominal current (as determined 
bv external pins), and also causes all internal high-bandwidth logic to be reset. 
The duration of the reset is sufficient for the operating state changes to have taken 
ettect. At the completion of the reset operation, the reset/clear/selftest complete 
bit of the status register is set, the reset/clear/selftest status bit of the status 
register is set, and the reset bit of the control register is set. 

The clear bit of the control register complies with the Cerberus specification and 
provides the ability to clear the logic of an individual Calliope device in a system. 
Writing a one (1) to this bit causes all internal high-bandwidth logic to be reset, as 
is required after reconfiguring power and swing levels. The duration of the reset is 
sufficient for any operating state changes to have taken effect. At the completion 
of the reset operation, the reset/clear/selftest complete bit of the status register is 
set, the reset/clear/selftest status bit of the status register is set, and the dear bit 
of the control register is set. 

The selftest bit of the control register complies with the Cerberus specification 
and provides the ability to invoke a selftest on an individual Terpsichore device in 
a system. However, Calliope does not define a selftest mechanism at this time, so 
setting this bit will immediately set the reset/clear/selftest complete bit and the 
reset/clear/selftest status bit of the status register. 

The defer writes bit of the control register provides a mechanism to adjust several 
octlets of Cerberus registers at one time with a single transition, such as when 
setting individual power levels within Calliope. Writing a one (1) to this bit causes 
writes to octlets 10 through 32 to have no effect (to be deferred) until the next 
logic-clear or a non-deferred write. When writes have been deferred, the values 
written are lost if a read of these ocrlets precedes the subsequent logic-clear or 
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^thSf V^iT' ° r non : det ' e "? d ™ occurs when writing to octlets 
10 through 32 while the defer writes bit is cleared (0). 

The module id-field of the control register controls the value of the module 
identifier held of the Hermes input channel which selects this Calliope device 

The Hermes channel disable bit of the control register provides the means to 

tc be \£JtJi "Tf CrmeS in P ut L channel <° be ignored and forces idles 
to be generated on the Hermes output channel. Writing a zero (0) to this bit 

Sj. u o mpm L hann , d phase ad )'"«ment to be reset, and after a 
suitable delay the Hermes channels are available for use. 

^Lt d t It^ Cidl f 1 flddS ° f th L £ C r ° mro1 re « lster P r ™ de a mechanism to 
S t ? Slra P le P atte ™ on the Hermes output channel for purposes of 

I/rn m> , a 5 US ,T?l F ° r 1° rmal °P era »o«- the cidle 0 field must be set to 
zero (0), and the cidle 1 field must be set to all ones (255). 

Status Rvnist&r 

StES? r 1 8iSte l b u a 64 * b [ l register Ulth both read and ™ te ac ««, though the 
only legal value which may be written is a zero, to clear the register. The result of 
writing a non-zero value is not specified. 

Sr C Jr,!^ Cle ^ t/Se - fte " " m P lete bit of ^e status register complies with the 

?C A "u 0n . ^ " Up0n the com P lelion °* a reset, clear or selftest 
operanon as described above. 

The reset/clear/selftest status bit of the status register complies with the Cerberus 
specification and is set upon the successful completion of a reset, clear or selftest 
operation as described above. 

The meltdown detected bit of the status register is set when the meltdown 
detector has discovered an on-chip temperature above the threshold set bv the 
meltdown thresho Id field of the Cerberus configuration register, which causes a 
reset to occur and the power level to be forced to minimum (1). 

The low voltage or temperature bit of the status register is set when internal 
circuits naye detected either insufficient voltage or temperature for proper 
operation of high speed logic circuits, which causes a logic clear until the condition 
is no longer detected (due to an increase in supply voltage or device temperature). 

The Cerberus transaction error bit of the status register is set when a Cerberus 
transaction error (bus timeout, invalid transaction code, invalid address) has 
occurred. Note that Cerberus aborts, including locally detected paritv errors 
should cause bus retries, not a machine check. 

The Hermes check byte error bit of the status register is set when a Hermes 
check byte error has occurred. 
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The Hermes command error bit of the status register is set when a Hermes 
command error has occurred. 

The Hermes address error bit of the* status register is set when a Hermes address 
error has occurred. 

The raw 0 and raw 1 fields of the status register contain the values obtained from 
two adjacent samples of the specified Hermes input channel. The raw 0 field 
contains a value obtained when the input clock was zero (0), and the raw 1 field 
contains the value obtained on the immediately following sample, when the input 
clock was (1) Calliope ensures that reading the status register produces two 
adjacent samples, regardless ot the timing of the status register read operation on 
Cerberus. These fields are read for purposes of testing and control of skew in the 
Hermes channel interfaces. 

Power and Swing Calibration ESQiStgrs 

Calliope uses a set of calibration registers to control the power and voltage levels 
used for internal high-bandwidth logic and memorv. The details of programming 
these registers are described below. w 

Eight-bit fields separately control the power and voltage levels used in a portion of 
the Calliope circuitry. Each such field used to control digital circuitry (labeled 
'knob ) contains configuration data in the following format: 

£ £4 3 2 10 

I res | ref | Ivl pH 

3 2 2 1 

power and swing controls | 

Each such field used to control analog circuitry (labeled "anob") contains 
configuration data in the following format: 

7 5 4 3 2 1 0 

I res I O j Ivl 1 o] 

3 2 2 1 

power and swing controls j 

The range of valid values and the interpretation of the fields is given by the 
following table: 



field 


value 


interpretation 


0 


0 


Reserved 


ref 


0..3 


Set reference voltage level 


Ivl 


0..3 


Set voltage swino level. 


res 


0..7 


Set resistor load value. 



Power and swing control field interpretation 
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The reference voltage level, voltage swing level dn d resistor load value are model 
figures tor a full-swing, lowest-power logic gate output. The actual volta°e levels 
and resistor load values used in various circuits is geometrically related to the 
values in the tables below. Designed typical, tull-speed settings tor the ref IvI and 
res fields are ref=250 millivolts. Ivl=500 millivolts, and res=2.5 kilohms. 

The ref field, together with the reference n fields of the configuration register 
control the reference voltage level used for logic circuits in the specified knob 
domain. Ihe value of the ref field is interpreted bv the foUowinc table- 



ref 


reference voltage level 


0 


reference O 


1 


reference 1 


2 


reference 2 


3 


reference 3 



The IvI field, together with the swing n fields of the configuration register, control 
the voltage wing level used for logic circuits in the specified knob domain. The 
vaiue of the Ivl held is interpreted bv the tollowin* table- 



IvI 


voltage swing level 


{ 0 


swing O 


1 


swing 1 


2 


swing 2 


3 


swing 3 



Values and interpretations of the swing n and reference n fields are given bv the 
following table, with units in millivolts: 



value 


reference 


swing 


0 


138 • 


275 


1 


150 


300 


2 


163 


325 


3 


175 


350 


4 


188 


375 


5 


200 


400 


6 


213 


425 


7 


225 


f 450 I 


8 


238 


475 


9 


250 


500 


10 


263 


525 


1 1 


275 


550 


12 


288 


575 


13 


300 


600 


14 


325 


650 


15 


350 


700 
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The res held, together with the resg field of the configuration register and the 
meltdown detected bit ot the status register, control the PMOS load resistance 
value used tor logic circuits in the specified knob domain, referred here as the resl 
value. For each res tield. the resl value is computed as: 

resl = res & (meltdown detected ? 1 resg) 

The resl value together with the process control field of the configuration reaister. 
control the PMOS load resistance value used for logic circuits "in the specified 
knob domain. Values and interpretations of the lvl field are given bv the following 
table, with units in kilohms. The table below gives resistance values "with nominal 
process parameters. 





process control 


resl 


0 


,.. « 


8 


12 


16 


20 


24 


28 


0 






undefined 


1 




2.5 


5.0 


7.5 


10. 


13. 


15. 


18. 


2 




1.3 


2.5 


3.8 


5.0 


6.3 


7.5 


8.8 


3 




.83 


1.7 


2.5 


3.3 


4.2 


5 


5.8 


4 




.63 


1.3 


1.9 


2.5 




3.8 


4.4 


5 




.50 


1.0 


1.5 


2.0 


2.5 


3 


3.5 


6 




42 


.83 


1.3 


1.7 


2.1 


25 


2.9 


7 




36 


.71 


1.1 


1.4 


1.8 


2.1 


2.5 



S^'c t j e prOCeSS c , on 5 ro1 fidd of the configuration register is set equal to the 
FMUb drive strength field of the configuration register, nominal PMOS load 
resistance values are as given by the following table, with units in kilohms 



res 


PMOS load resistance 


0 


undefined 


1 


13. 


2 


6.3 


3 


4.2 


4 


3.1 


5 


2.5 


6 


2.1 


7 


1.8 



When Mnemosyne is reset, a default value of 0 is loaded into each 0 field, 0 in 
each ref field, 0 in each lvl field and 7 in each res field, which is a byte value of 
224. The process control field of the configuration register is set to 20, and the 
reference n and swing n fields are set to 15. These settings correspond to a chip 
with nominal processing parameters, nominal power and high voltage swing 
operation. 

For nominal operating conditions, the ref field is set to 0, the lvl field is set to 0. and 
the res field is set to 5, which is byte value of 5. The process control field is set 
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equal to the PMOS strength field, and the reference n and 'swing n fields are set to 



interface Configuration Rec:$:$rz 

Interface configuration registers are provided on the Calliope interface to control 
the t insert summary list ot controls]. 

The CI1 test and CI2 test field of mterface configuration register 10 control 
operating modes ot the CIl and CI2 cable input blocks. 

Eight-bit fields separately control the operating modes of the cable input blocks, 
fcach such field contains configuration data in the following format: 
7 , 



rotate 



round 



test 



EDSP I 
liable] 



cable input test controls 



foUovx4 n g 8 table Valid ValU " imer P retation of the tield s « given by the 



field 


value 


interoretation 


b 


0 


Reserved 


rotate 


0..1 


Set to enable rotator 


| round 


CL1 


Set to enable multiplier roundina 


test 


0..1 . 


Set to bypass ADC and connect 
cable input to cable output (digital 
looo back) 


DSP enable 


0..1 


Set to enable DSP output (clear to 
enable testing of RAM) 



The CI1Q filter, CHI filter, CI2Q filter and CI2I filter fields of interface 
configuration register 10 and 11 control the cutoff frequency of the cable input 
antialias filters. 

Four-bit fields separately control the cutoff frequency of each cable input antialias 
filter. Each such field contains configuration data in the following format: 

g } 0 

I o I cutoff | 



cable input antialias filter controls 
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The range of valid values and the interpretation of the fields is given bv the 
following table: 



field 


value 


interrelation 


O 


0 


Reserved 


cutoff 


0.7 


Cuton frequency selection for 
antialias filter 



Cable input antialias filter control fieid interpretation 



Values and interpretations of the cutoff fields are given bv the following table, 
with units in megahertz, for nominal 3 dB frequency at specified junction 
temperature: 



cutoff 


25 C 


75 C | 125 C 


0 


14.1 


13.8 


13.4 


1 


11.9 


11.7 


11.4 


2 


10.4 


10.2 


10.0 


3 


9.2 


9.1 


8.9 


4 


8.3 


8.2 


8.0 


5 


7.6 


7.5 


7.3 


6 


7.0 


6.9 


6.7 


7 


6.4 


* 6.4 


6.2 



For normal operation a value of 3 is placed in the cutoff fields, selecting a 9 MHz 
cutoff frequency. 

The CI1 VCO and CI2 VCO bits of interface configuration registers 10 and 11 
control the selection of the VCO used as an input to the tuner of the cable input. 
Writing a zero (0) to the bit selects the internal VCO, while writing a one (1) 
selects an external VCO input. In normal operation a zero is placed in the VCO 
bit, selecting the internal VCO. 

The CIl LNA and CI2 LNA bits of interface configuration registers 10 and 11 
enable the LNA (low noise amplifier) used as an input to the tuner of the cable 
input. Writing a zero (0) to the bit disables the LNA, while writing a one (1) 
enables the LNA. In normal operation a one is placed in the LNA bit, enabling the 
LNA. & 

The CI1Q ADC preamp, CI II ADC preamp, CI2Q ADC preamp and CI2I ADC 
preamp bits of interface configuration registers 10 and 11 enable the ADC 
preamplfier output used as an input to the ADC of the cable input. Writing a zero 
(0) to the bit enables the ADC preamplifier output, while writing a one (1) disables 
it, allowing the tuner input to be driven from an external pin. In normal operation 
a zero is placed in the ADC preamp bits, enabling the preamplifiers. 

The Clla, Cllb, CI2a, CI2b. COl, C02, VI, VO, AI, AO, PI, PO invert bits of 
interface configuration registers 11, 12, and 13 provide for the selective inversion 
of the relative clock phase of the analog-to-digital section internal interfaces in the 
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respective interfaces. In normal operation, a zero is placed in the invert bits, 
matching the relative phases of the interface sections. 

The COl configuration and C02 configuration fields of interface configuration 
registers 13 and 14 provide tor the contiguration of external devices which "assist in 
the implementation of the cable output. The configuration fields drive LVTTL 
outputs which can control external filters and other components. In nornal 
operation, a zero is placed in the configuration fields. 

The PI bias AIR bias and AIL bias fields of interface configuration register 13 
control the bias current of the phone and audio input right and left operational 
amplifiers. 

Four-bit fields separately control the bias current of each input operational 
amplifier. Each such field contains configuration data in the following format: 

I bias 



audio input operational amplifier controls 



] 



The range of valid values and the interpretation of the fields is given bv the 
following table: 



field 


value 


interpretation 


bias 


0..3 


bias current selection for input 
operational amplifier 



audio input operational amplifier control field interpretation 

Values and interpretations of the bias fields are given by the following table, with 
units in microamperes, for nominal current at specified junction temperature: 



| bias 


25 C 


75 C 


125 C 


0 




200 




1 




133 




2 




100 




3 




80 





The mute bit of interface configuration register 13 provides for initial muting of 
the audio and phone outputs during initial system operation. Writing a zero (0) to 
the bit enables the audio and phone outputs, while writing a one (1) forces the AO 
and PO outputs to a constant value (zero with AC coupling). 

The PO filter, AOR filter and AOL filter fields of interface configuration register 
13 control the cutoff frequency of the phone and audio output right and left 
antialias filters. 
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Four-bit fields separately control the cutoff frequency of each output antialias 
tdter. Each such field contains configuration data in the folknvi ' antuuas 



t'ing format: 



[ 



cutoff 



cable inom antialias filter controls 



1 



folio "ng § tabl Valid Va,UCS inter P retatI0n ot " *e ^ds is given by the 



field 


value 


interpretation 


cutoff 


0..15 


Cutoff frequency selection for 






antialias filter 



Values and interrelations of the eutoff fields are aiver, bv rhe follovine table 
tempemure!" ° h " tZ ' *" " 0m ""' 5 dB " »P«ified "nVarTn 



cutoff 


25 C 


75 C 


125 C 


0 




69.9 




1 




65.9 




2 




62.3 




3 




58.8 




4 




55.8 




5 




53.2 




6 




50.9 




7 




48.6 




8 




46.4 




9 




44.6 




10 




43.9 




11 




41.4 




12 




40.0 




13 




38.5 




14 




37.2 




15 




35.9 





The EQ1 test and EQ2 test field of interface configuration register 14 control 
operating modes of che EQl and EQ2 cable input equalizers. 
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Sf,?iV,Prc F d l S $C ZT)y C ° mro1 th -- 0 P eratl "? ™dcs of the cable input 
equalizers. Each such held contains configuration data in the following format: 

I __3 2 1 0 - 



round 



DSP 
Unable 



cable incut equalizer test controls 



fotu^taWe VaIid ValU " imerpretation of the fields 15 B*™ by the 



field 


value 


interpretation 


r o 


0 


Reserved ' 


round 


0..1 


Set to enable multiplier roundino 


DSP enable 

Pohla inn. 


0.1 


Set to enable DSP output (clear to 
enable testing of RAM) 



Configuration Efegi£&r 

A Configuration register is provided on the Calliope interface to control the fine- 
tuning of the Hermes channel configuration, to control the global process 
parameter settings, to control the wo phase-locked loop frequency generators 
and to control the temperature sensors and read temperature values ' 
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The Hermes skew swing field of the configuration register control the volta°e 
swing used in the Hermes channel skew circuits. The field should alwavs be set 
equal to the value of the lvl subtield or the Hermes channel knob field. 

The resg field of the configuration register permits the global control of the load 
resistors in all ot Calliope s high-speed logic circuits. The resg field is initially 
loaded trom external pins to a nummal power level and can be chanaed again 
to a value in the range 0 .7 to lower or raise the power and speed of the hiah-speed 
logic circuits in the CaUiope device, or can be set to all ones (7) to enable control of 
individual sections ot the Calliope device power levels. Bv altering the value on the 
external pins Calliope can be configured for low-power (0 or 1) testing in a 
restricted packaging environment. ' * 

The termination fine-tuning field of the configuration register controls the analog 
bias settings lor PMOS loads in Hermes termination circuits, in order to 
accomodate variations in circuit parameters due to the manufactunna process, 
and to provide intermediate termination resistance levels. Under normaf operating 
conditions, the value read from the PMOS drive strength field should be written 
into the termination fine-tuning field. The interpretation of the field is given bv the 



value 


termination fine-tuning 


0 


Reserved 


1-19 


increase PMOS conauctance to 2Q/value"nommal 


20 


use PMOS loads at nominal conductance 


21-31 


decrease PMOS conauctance to 20/value'nomina! 



The process control field of the configuration register controls the analog bias 
settings tor PMOS loads in internal logic circuits, in order to accomodate 
variations in circuit parameters due to the manufacturing process. Under normal 
operating conditions, the value read from the PMOS drive strength field should be 
written into the process control field. The interpretation of che field is given bv the 
table: 



value 


process control 


0 


Reserved " 


1-19 


increase PMOS conductance to 20/value"nominal 


20 


use PMOS loads at nominal conductance. 


21-31 


decrease PMOS conductance to 20/value"nominal 
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Tern "chore t\ S " Cn§rh ', or cond ^"nce gam. of PMOS devices on the 

the ooter Z P l "'^ T S a . d,gUa - bmar> : V3lue - 111,5 fleId 15 used co cai 'brat e 
the power and voltage level configuration, given variations in process 
charactensucs of individual deuces. The interpretation of the fielS is ghJby £ 



value 



1-19 



20 

21-31 



PMOS drive strength 

Reserved 



vaiue/20*nominal conductance 



nominal conductance 
value/20'nominaJ conductance 



There are two identical phase locked-looD <PT T \ fr^„«^ 

des.gna.ed PLLO and PLLl' These PLLs ge^te'nter ^S^TS 

SHott Zfgr^SHS*' b2S ? d K P ° n " T" d ° ck ^rencTof dth C er 
>4 Mrtz or 1.08 GHz. PLLO controls the internal operating frequencv of che 

He?m« Z Pr f CeSS ° r / - hll ^ PLL l. controls the opLtingVqS o the 
Hermes channel interfaces. The configuration fields for PLLO and PLLl have 
identical meanings, described below: 

lad, PLl" 0 S e i,T!° T d PLL1 ratb fidds Sdect the di - d « ratio for 

tor ^LLO, and 20 for PLLl. These divider ratios permit clock signals to be 

See MH 8C f T 324 . MH l t0 l j 34 GH2 ' ^n'heTpt clock 
used ^ prCSCalm8 b^sed. °r at 1.08 GHz with prescaliftg 

Setting the PLLO feedback bypass bit or the PLLl feedback bvpass bit of the 

onei 8 t U / a nS n r i eglSter Ca rV h , C gCn r ate c d d ° ck b ^ asS the PLL oscillator and to 
operate off the input clock directly. Setting these bits causes the frequencv 
generated to be the optionally prescaled reference clock. These bits are cleared 
during normal operation, and set by a reset. 

The PLLO range field and the PLLl range field of the configuration register are 
Lro SLw? an tI 0penmn S ran .8 e f ? r the Eternal PLLs. If the PLL range is set to 
t r \u m p?? erat n 3t 3 W Muencv (below O.xxx GHz ). if the PLL range 
rhic Kir if ?' thc , PLL , wJ ^ °P era , te « f ^ frequency (above O.xxx GHz). At reset 
this bit is cleared, as the mpur clock frequency is unknown. 

Setting the PLL prescaler bypass bit of the configuration register causes the 
phase-locked loops PLLO and PLLl to use the input dock direcfly as a reference 
clock. This bit is cleared during normal operation with a 1.08 GHz input clock, in 
™ e m P ut do F k I s dlv,ded by 20, and is set during normal operation with a 
unknol Z n ,nPUt **** * 35 the inpUt d ° ck frec 3 uenc V is 

Setting rhe conversion prescaler bypass bit of the configuration register causes the 
temperature conversion unit to use the input clock directly as a reference clock. 
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Otherwise, clearing this bit causes the input dock to be divided bv 20 before use 
as a reterence clock. The reference clock frequency of the temperature 
conversion unit is nominally 54 MHz. and in normal operation, this bit should be 
set or cleared depending on the input clock frequency. At reset this bit is cleared, 
as the input clock frequency is unknown. 

The meltdown margin field controls the setting of the threshold at which 
meltdown is signalled. This field is used to test the meldown prevention losic. The 
interpretation or the field is given bv the table below with a tolerance of ±6 
degrees C. and 5 degrees C hysteresis: 



value 


meltdown threshold 


0 


150 decrees C 


1 


90 degrees C 


2 


oO degrees C 


3 


20 degrees C 



The conversion start bit controls the initiation of the conversion of a temperature 
sensor or reference to a digital value. Setting this bit causes the conversion to 
begin, and the bit remains set until conversion is complete, at which time the bit is 
cleared. 

The conversion selection field controls which sensor or reference value is 
converted to a digital value. The interpretation of the field is given by the table 
below: 



value 


conversion selected 


0 


local temperature sensor 


1 


local temperature reference 


2.. 15 


Reserved 



The conversion counter field is sec to the two's complement of the downslope 
count. The counter counts upward to zero, at which point the upslope ramp 
begins, and continues counting on the upslope until the conversion completes. 

Hermes channel Con figuration Register* 

Configuration registers are provided on the Calliope interface to control the 
timing, current levels, and termination resistance for the Hermes channel high- 
bandwidth channel. A configuration register at ocdet 31 is dedicated to the control 
of the Hermes channel, and additional information in the configuration register at 
ocdet 31 controls aspects of the Hermes channel circuits in common. The Hermes 
channel configuration registers are Cerberus registers 32, where 32 corresponds 
to Hermes channel 0. 

The quadrature bypass bit controls whether the HiC clock signal is delaved bv 
1 

approximately ^ of a HiC clock cycle to latch the Hij^o bits. In normal, full speed 
operation, this bit should be cleared to a zero value. If this bit is set, the 



317 



Case 2 :05-cv-00505-TJW Document 1 49 Filed 1 0/1 5/2007 Page 1 of 40 

WO 97/07450 PCT/US96/I3047 



quadrature delay is defeated and the HiC clock signal is used direcdv to latch the 
*~"7..o bus. 

The quadrature range bit is used to select an operating range to the quadrature 
delay circuit. If the quadrature range is set to zero, the circuit will operate at a low 
frequency (belovv O.xxx GHz) if the quadrature range is set to one. the circuit will 
operate at a high frequency (above O.xxx GHz). 

The output termination bit is used to select whether the output circuits are 
resismely terminated. It the bit is set to a zero, the output has high .mpedence- if 
the bit is set to one. the output is terminated with a resistance equal to the input 
termination. At reset, this bit is set to one. terminating the output 

The termination resistance field is used to select the impedence at which the 
Hermes channel inputs, and optionally the Hermes channel outputs are 
ermmated. The resistance level is controlled relative to the setting of the 
th??iZ°l ZTu S u °u, the co " fi - 2ura » on agister. The interpretation of 
conduce Stsetf' ^ '» <*" " d PM ° S 



value 


termination resistance 


0 




1 


250. Ohms " " 


2 


125. Ohms 


3 


83.3 Ohms — " 


4 


62.5 Ohms ' — 


5 


50.0 Ohms ~~ — 


6 


41.7 Ohms " 


7 


35.7 Ohms 



The output current field is used to select the current at which the Hermes 
channel outputs are operated. The interpretation of the field is given by the table 
with units in mA: ' 



value 


output current 


0 




1 


2. mA 


2 


4. mA 


3 


^ 6. mA 


4 


8. mA 


5 


10. mA 


6 


12. mA " ' 


7 


14. mA 



The output voltage swing is the product of the composite termination resistance: 
(input termination resistance- l+output termination resistance^)- 1 , and the output 
current. The output voltage swing should be set at or below 700 mV and is 
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normally set to the lowest value which permits a sufficiently low bit error rate 
which depends upon the noise level in the system environment. 

The skew fields individually control the delay between the internal Hermes 
channe output clock and each of the HoC and HoT .O high bandwidth output 
channel signals. Each skew tield contains two three-bit values, named digital skew 
and analog skew as shown below: 

53 



| digital skew | analog skew | 



The digital skew fields set the number of delay staaes inserted in the output path 
or the HoC and the Ho7..0 high-bandwidth output channel signals. The analog 
skew fields control the power level, and thereby control the switching delav. of a 
single delay stage. Setting these fields permits a fine level of control over the 
relative skew between output channel signals. Nominal values for the output delav 
tor various values of the digital skew and analog skew fields are given below 
assuming a nominal setung for the Hermes channel knob: 



digital 


delay (ps) 


plus 


skew 




analog 






skew 


I o 


0 


no 


i 1 


320 


yes 


2 


400 


yes 


3 


470 


yes 


4 


570 


yes 


5 


670 


yes 


6 


770 


yes 


7 


870 


yes 



analog 
skew 


delay (ps) 


0 


Reserved 


1 


??? 


2 


??? 


3 


+40 


4 


+20 


5 


0 


6 


-10 


7 


-20 



When Calliope is reset, a default value of 0 is loaded into the digital skew and 1 is 
loaded into the analog skew fields, setting a minimum output delay for the HoC 
and Ho7..0 signals. 
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Hermes High-Bandwidth Channel 

MicroUnity's Hermes high-bandwidth channel architecture is designed to provide 
ultra-high bandwidth communications between devices within MicroUnitv s 
Terpsichore system architecture. 

Hermes-compliant devices include one or more bvte-wide input and output 
channels intended to operate at rates of at least 1 GHz. These channels provide a 
packet communication link to general devices, processors, memories, and input- 
output interfaces. r 

Hermes high-bandwidth channels employ nine signals, one clock signal and eiaht 
data signals, using differential low-voltage levels for direct communication from 
one device to another. The channels are designed to be arranged into a ring 
consisting of up to four target devices and one initiator. The channels mav also be 
extended to permit multiple initiators in a single ring. 

The Hermes interface protocol embeds read and write operations to a single 
memory space into packets containing command, address, data, and 
acknowledgement. The packets include check codes that will detect single-bit 
transmission errors and multiple-bit errors with high probability. As manv as ei-ht 
operations in each device may be in progress at a time. As many as four Hermes 
deuces may be cascaded to expand system capacity and bandwidth. 

Hermes relies upon MicroUnity's Cerberus serial bus to provide access to a low- 
level mechanism to detect skew in input channels, and to adjust skew in output 
channels. This mechanism may be employed by software to adaptively adjust for 
skew in the channels, or set to fixed patterns to account for fixed signal skew as 
may arise in device-to-device wiring. 

Architecture Framework 

The Hermes architecture defines a compatible framework for a family of 
implementations with a range of capabilities. The following implementation- 
defined parameters are used in the rest of the document in boldface. The value 
indicated are for MicroUnity's first implementations. 



Parana 
eter 


Interpretation 


Value 


Range of legal values 


A 


lo 9256 words in logical memory 
space or size in bytes of a 
logical memory address 


4 


1 < A<8 


W 


size in bytes of logical memory 
word 


8 


1 < W<2 1 5, | 0 g 2 WeZ 



Hermes devices have several optional capabilities, which are identified in the 
following table: 
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Caoaoility 


Meanina 


Master 


Capable of generating requests on output channel and 
receiving responses on input channel 


Slave 


Capable or receiving requests on input channel and 
generating responses on outout channel 


Forwarding 


Capable of forwarding requests and responses from input 
channel to output channel 


Cacne 


Capable of storing vaiues previously read or written and 
returning these values on subseauent reads 



Electrical Signalling 



Each Hermes channel consists of a one byte wide data path and a sinele-phase 
constant-rate clock signal Both the data and clock signals are differential-pair 
signals. The clock signal contains alternating zero and one values transmitted with 
the same timing as the data signals; thus, the clock signal frequency is one-half the 
channel byte data race. 

Each channel runs at a constant frequency and contains no auxiliary control, 
handshaking, or flow-control information. The channel transmitter is responsible 
for transmitting all nine differential-pair signals so as to be received with minimal 
skew; the receiver is responsible for decoding the signals in the presence of noise 
and skew as may arise due to differences in the signal environment of the clock 
and of each data bit. 



A Hermes device may be capable of responding to Hermes request packets 
received on a Hermes input channel. Such a device is designated a slave device, 
and must operate the Hermes output channel at the same clock rate as the input 
channel. A slave device must generate no more than a specified amount of 
variation in the output clock phase, relative to the input clock, over changes in 
system temperature or operating voltage. 

A Hermes device that is capable of generating Hermes request packets is 
designated a master device. A master device must be capable of generating the 
constant-frequency clock signal on the Hermes output channel and accepting 
signals on the Hermes input channel at the same clock frequency as is generated. 
In addition, a master device must accept an arbitrary input clock phase, and must 
accept a specified amount of variation in clock phase, as may arise due to changes 
in system temperature or operating voltage. 
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Each Hermes input or output channel requires IS pads, and the associated 
Cerberus interlace requires an additional 6 pads. 



count 


pad 


meanina 


18 


HiC. HiC_N. Hit q. hi- - N 


Hermes inout channel 


18 


HOC. HoC N. Ho? o. He- n N 


Hermes output channel 


6 


SC. SD. Sf\h n 


Cerberus interface 


36c+6 




total signal Dads 



Each Hermes input channel is terminated at a nominal 50 ohm impedance to 
ground. Each Hermes output channel is optionallv terminated at the same 
impedance as the devices input channel. An adjustable termination impedance, 
programmable via Cerberus is recommended. 

In order to provide for planar connections without vias among Hermes devices 
when connected into rings, all devices must locate Hermes input channels and 
Hermes output channels to pin assignments which preserve the relative ordering 
or the conductors which connect the devices. In general, the orderina must be 
consistent on circuit boards by which devices are interconnected. The" orderina 
hxes the order oi Hermes pins encountered in a clockwise traversal of the pins to 
J? C - N ' M0 ' Hi0 - K ' Hil. Hil_N, Hi2, Hi2_N, Hi3, Hi) N, Hi4. 

2 I v W^^P'F 1 Hi7 - N '- Ho7 - N * Ho7 - Ho6 - N ' Ho6 . Ho5~N. Ho5. 
Ho4_N, Ho4, Ho3 N. Ho3. Ho2_N. Ho2. Hol.N, Hoi, HoO.N, HoO. HoC.N. and 
HoC respectively. No other pins, except for low-bandwidth and power 
connecuons which may contain vias, may be placed between these pins. 

Hermes device dies (or the active die of a sandwich) are generally designed to be 
placed on circuit boards face-down, so when viewed from the top of the circuit 
board, this becomes the ordering: 

' HC HC.N HiO HiO.N 




HoC HoC_N HOO HoO.N ... Ho7 HoTn Hrfjg Htf ~ HOj3 HiO HC.N HC 

Hermes device interfaces, die face-down on circuit board 
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:n viewed from the top of the device d ie . this becomes the ordering: 
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Other packaging systems may mount Hermes device dies in a face-up orientation. 
Hermes devices sandwiched with a conductive-only die ("space transformer") 
have the conductive-only die in a face up orientation. For a die mounted in a face- 
up orientation the ordering ot the pins of the die must be reversed so when 
viewed trom the top ot the circuit boatd or the top of the die. this requires the 




HO0 HoO.N ... Ho7 Hz'Jt Hi7^N i+7 ~ SftJJ HO HC.N hF 

Hermes device interfaces, die face-up on circuit board 
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The following is a diagram of the Hermes and Cerberus device interfaces for a 
device with a single pair ot Hermes channel interfaces. 



HiC HI7..0 

2/ 1 6/ 
f 



Ho7..0 HoC 
A A 




Hermes device 



Hermes device interfaces 



Electrical characteristics 


MIN 


TYP 


MAX 


UNIT 


REF 


Voh: H-state output voltaqe HoC. H07 0 








V 


VDD 


Vol: L-state output voltage HoC. Ho? 0 








V 


VDD 


Vih: H-state input voltage HiC. Hi7 0 








V 


VDD 


Vil: L-state input voltaqe HiC. Hi7 0 








V 


VDD 


Ioh: H-state output current HoC. H07 0 








mA 




lou L-state output current HoC. H07 0 








mA 




Iih: H-state input current HiC. Hi7 n 








mA 




Iil: L-state input current HiC, Hi7 0 








mA 




Cin: Input capacitance HiC. Hi7 0 








P F 




Cqut: Output capacitance HoC. H07 0 








pF 





325 



Case 2:05-cv-00505-TJW Document 149 Filed 1 0/1 5/2007 Page 9 of 40 

WO 97/07450 PCT/US96/13047 



IS wi ten inn phar^pt^rietioe 


MIN| T 


YP MAX 


UNIT 


tec: HiC clock cycle time 


1000 






t(3CH' HiC clock hiah time 


400 




PS 


'BCL' HiC clock low time 


400 




PS 


tBT: HiC clock transition time 




100 


PS 


tBs: set-up time, Hi 7 n valid to HiC xition 


200 


100 


ps 


tBH: hold time, HiC xition to Hi7 o invalid 


-200 


-100 


PS 


tos- skew between HoC and Ho 7 0 


-50 


50 


ps 



Logical M emory Stn inh /ro 



Hermes defines a logical memory region as an arrav of 2*A blocks of size W bvtes 
Each access, either a read or write, references all bytes of a single block AH 
addresses are block addresses, referencing the entire block. 

8W-1 

0 



SW 



Logical memory organization 



rcSi AlhcLt loglCaJ „ cache for data contained in the logical memory 

region. All accesses to Hermes memory space maintain consistency between the 
contents of the cache and the contents of the logical memory region 

Packet Structure 

Packets sent on a Hermes channel contain control commands, most commonly 
read or write operations, along with addresses and associated data. Other 
commands indicate error conditions and responses to the above commands. 

When the Hermes channel is otherwise idle, such as during initialization and 
between packets, an idle packet, consisting of a pair of an all-zero byte and all-one 
byte is transmitted through the channel. Each non-idle packet consists of two 

Sf/S \n T l ° ty* and mus , 1 bc § in with a ^ of val ^ other than all- 
zero 0). All packets begin during a clock period in which the clock signal is zero, 
and aH packets end during a clock period in which the clock signal is one 



326 



Case 2:05-cv-005G5-TJW Document 1 49 Filed 1 0/1 5/2007 Page 1 0 of 40 

WO 97/07450 PCT/US96/13047 



The general form of a packer is an array of bytes, without a specified bvte 
ordering. The first bvte contains a module address in the high-order two bits, a 
packet identifier, usually a command, in the next three bits, and a link 
identification number. The remaining bytes' interpretation are dependent upon 
the packet identifier: 



7 0 


1 




1 pJ 


byte 1 


■d 


byte 2 


1 


■ 




• 




• 




■ 




byte n 


1 


check 


Ha 


8 


1 


data 


c 



General Dacket 



The length of the packet is implied by the command specified by the initial bvte of 
the packet. 

The check byte is computed as odd bit-wise parity, with a leftward circular 
rotation after accumulating each byte. This algorithm provides detection of single- 
bit and some multiple-bit errors with high probability (1-2 8 ), but no correction. As 
an example, the following packet has a proper check byte: 



7 0 1 



0x61 




! oxoo 


1 |u 


I 0x22 




0x11 




OxOO 




0x66 


Id 


B 


i 


data 


c 
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The check byte in this example is calculated as: 



binary 


hex 


notes 


O11000O1 


61 


nrst byte 


11000010 


c2 


shift left circular 


00000000 


00 


second byte 


11000010 


c2 


xor above two rows 


10000101 


85 


shift left circular 


00100010 


22 


third byte 


10100111 


a7 


xor above two rows 


01001111 


41 


shift left circular 


00010001 


11 


rourth byte 


01011110 


5e 


xor above two rows 


10111100 


be 


shift left circular 


00000000 


00 


fifth byte 


10111100 


be 


xor above two rows 


01111001 


79 


shift left circular 


10000110 


86 


sixth (check) byte 


11111111 


ff 


xor above two rows 


11111111 


ff 


shift left circular 



general interpretation of the packet command is given in the following table: 



value 


interpretation 


payload 


0 


idle 


0 


1 


error 


0 


2 


write-allocate 


12 


3 


write-noallocate 


12 


4 


read-allocate 


4 


5 


read-noallocate 


4 


6 


read-response 


8 


7 


write-response 


0 



Packet command interpretation 



The module address field provides for as many as four Hermes slave devices to be 
operated from a single channel. Module address values are assigned via either 
static/geometric configuration pins (not recommended) or dynamicallv assigned 
via a Cerberus configuration register. 

The link identification field provides the opportunity for Hermes master devices to 
inmate as many as eight independent operations at any one time to each Hermes 
slave device. Each outstanding operation to a Hermes slave device must have a 
distinct link identification number, and no ordering of operations is implied by the 
value of the link-identification field. There is no requirement for link-identification 
field values to be sequentially assigned in requests or responses. 
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The following section provides detailed descriptions of the structure of each tvpe 
ot command packet. 

Idle 

Idle packets fill the space between other packets with an alternating zero-bvte and 
all-ones-byte pattern. Idle packets may be dropped when received and 
regenerated between outgoing packets. The idle packet is formatted as follows: 



ma 



com 



check 



Idle packet 



The range of valid values and the interpretation of the fields is given bv the 
following table: 



field 


value 


interpretation 


ma 


0 


McDuie address field must be zero. 


com 


0 


PacKet is "idle.'' 


lid 


0 


Lin* identification number field must 
be zero. 


check 


255 


Check integrity of packet 
transmission. 



Idle packet field interpretation 
No activity is performed upon receipt of a properly formatted idle packet. 

Read Operation 

Read packets cause a Hermes device to perform a read operation for the specified 
address, producing a data value. The value is read from cache, if one is present 
and the address is present in the cache. If the address is not present in cache, the 
value is read. A value read is placed in the cache if the command is "read- 
allocate"; if the command is "read-noallocate" the value is returned without 
copying the value into the cache. The packet format is as follows: 

7 0 



addr 7 ..o 



addr8A.i..8A-a 



check 



8 



Read packet 
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JoLSn^bL : V2lid ValU " lnter P retatlon of the fields is given by the 



field 


value 


inceroretation 




0..3 


Mcauie aadress. 


com 


4. 5 


Packet command is "read-allocate"' 
or "read-noallocate." 


lid 


0..7 


H-spond with link identification 
number id. 


addr 


0..28A-1 


Logical memory block address as 
specified. The least significant byte 
is sent first. 


check 


0..255 


Check integrity or packet ! 
transmission. 



L 1 ^ ^ the S ? eClhed address is within th = ""Be of the memorv 

the memory is read and a read response packet is generated which con uS the 
requested data value. The "read-response"' packet is formatted as follows 

7 o 

ma|com| lid 



data 7 .. D 



check I 



Read-resoonse packet 
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The range of valid values and the interpretation of the fields is given bv the 
following table- 



rieia 


value 


interoretation 


ma 


Q..3 


Module aadress ma as specified m 
read oacket. 


com 


6 


Packet command is "read response 


lid 


0..7 


Link identification number lid as 
specified in read packet. 


data 




Data read from specified address. 


check 


0..255 


Cneck integrity of packet 
transmission. 



In order to reduce the latency of read response, Hermes devices mav generate a 
read response packet before checking redundant information that mav aiter the 
contents of the response. If, upon checking the information, but before the last 
byte of the read response packet is generated, the device detects that the data was 
transmitted in error, the packet is -'stomped." that is, marked as invalid bv 
transmitting a check byte that is the ones-complement of the proper check bvte. 
buch a packet must be ignored by Hermes masters and may be either lanored or 
suppressed by Hermes slave devices. If the redundant information indicates a 
correctable error, the stomped packet is followed by a read response packet which 
contains the corrected data. 
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Write Operation 



W rite packets cause Hermes devices to perform a write operation, placina a data 
value into the specified address. The value is written into cache, if one is"present 
and the address is present in the cache. If the address is not present in cache, and 
the command is "write-allocate", the value is written into cache. If the address is 
not present in cache, and the command is "wnte-noallocate", the value is written 
leaving the cache location unchanged. The packet format is as follows: 

7 0 
ma|com" lid 



addr7.. 0 



addraA.i..8A.a 



data 7 ..o 



datagwM ..bw.8 



check 



8 



Write packet 



The range of valid values and the interpretation of the fields is given bv the 
following table: 



field 


value 


interpretation 


ma 


0..3 


Module address. 


com 


2.3 


Packet command is "write-allocate" 
or "write-noallocate." 


lid 


0..7 


Respond with link identification 
number lid. 


addr 




Logical memory block address as 
specified. The least significant byte 
is sent first. 


data 


0..2BW-! 


Data to be written at specified 
address. 


check 


0..255 


Check integrity of packet 
transmission. 



Write packet field interpretation 
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If the fields are valid and the specified address is within the ranae of the memorv 
the memory is written and a write response packet is generated. The 'write- 
response packet is formatted as follows: 



J Q 
ma|com| lid 



check 



Write response packet 



Sow^abk- ^ ValU " ^ ^ inter?ret2tion of che fields is B"'™ by the 



field 


value 


intemretation 




0..3 


Macule address ma as specified in 
write oacket. 


com 


7 


PacKet command is "write resoonse ,r 


lid 


CL7 


Ur.K identification number lid as 
sceoiried in write packet. 


check 


0..255 


CftecK integrity of packet 
transmission. 



Error Handling 

The receipt of packets that do not conform to the requirements of this 
specification over the input channel is an error, as are anv conditions internal or 
external to the device that prevent proper operation, such as uncorrectable 
memory errors. The level or degree to which an implementation detects errors is 
implementation-defined; to the extent possible, this architecture specification 
recommends that all errors should be detected, but this is not strictlv required. All 
implementations must document the level of error detection, and all detected 
errors must use the method described below for handling errors. 

For Hermes devices, the following errors should be detected and the level of error 
detection for each of these errors is required to be documented: 
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errors detected 
invalid cneck byte 
invalid command 
invalid address 



uncorrectable error in cache 
uncorrectable error in device 



invalid identification nu mber 
internal buffer overflow 



invalid module address on idle pacKet 



invalid identification number on idle/error packet" 
nvalid check byte on idle packet " 



SS?J M VA V ? V™L deVlCe5 may have an invalid bvte. invalid 

orTlnt T ! m ° dUle addre5S ' ™* hd ** d ^ Nvalid identification number, 
or in some iniplcmcmauons cause internal buffer overflow. For each such erro 

Sr ■ 6 T Iemen V" 10n , ma >" d ^ Ac device causes a response e.pS 

dSE? IT 2 COndlUOn u rr ° r re$pCnSe); the P acket 15 othe — Snored Also, 
detection of an uncorrectable error in either the cache or the device resulting 

responsr?acket° VCr * ^ chaWlcl ^ » the S en — of a » ™ 

The error response packet is formatted as follows: 





lid 


[ check 



Error response packet 



Slou^taWe Vali<1 VaIUeS ^ mter P retation of the field s given by the 



field 


value 


interpretation 




0..3 


Module address identifying the 
source of the error response packet 


com 


1 


Packet is "error response:* 


lid 


0 


Link identification number must be 
zero. 


check 


0..255 


Check integrity of packet j 
transmission. 



error response packet field interpretation 

Upon receipt of the error response packet, the packet originator must read the 
Cerberus status register of the reporting device to determine the precise nature of 
the error Hermes devices reporting an invalid packet will suppress the receipt of 
additional packets until the error is cleared, by clearing the status register. 
However, such devices may continue to process packets which have alreadv been 
received, and generate responses. Upon taking appropriate corrective actions and 
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commaldT err ° r> ^ ° rismat0r should chen re ' s *nd any unacknowledged 



SfJS ° f , che , 1 "g e l dlfference » i^lock rate between the high-bandwidth Hermes 
channel and the Cerberus serial .bus interface, it is generally sate to assume that 

cerL " ec "!if an e r or resp ? nse pa S ct! an atlempt 10 read ' the status re * sc « ™* 

^ r U,U r " u,t in "ading stable, quiescent error conditions and that the 
queue or outstanding requests will have drained. After clearing the status register 
the He r rmes S devke Pa 0 " sinat0r ma >' immediately resume lending requests to 

Forwarding 

SSrV l eV i CeS ' U ' HeCh 4 er ^ aSt " L ° r j lave " may have the capability to forward 
1^1 l' 6 7 endedfor oth « devices connected to a Hermes' channel. For 
«^„1. Ja ' r ,i° ra ' a f dlng ! S P ert °f m ^ ^ the basis of the contents of the 
module address field m the packet; packets which contain a module address other 
tel t*A°l the , , Currcnt dev 'ce "e forwarded. All non-idle packets which contain 
H™ 1 ( addre , SSeS . must > tom-arded, including error packets. For master 
£ n X r f0t ? Vardin 8 » Performed on jhe basis of the identifier number field in 
the packet; packets which contain identifier numbers not generated bv the device 
are lorwarded. 

To minimize ring latency, it is generally desirable to forward these packets with 
minimal latency. If a packet arrives at an input channel when the output channel 
is in use, this latency must increase; at least a single-packet buffer is required. 

The size of the forwarding buffer is implementation-dependent. Avoiding the 
generation of an output packet if the forwarding buffer does not have room to hold 
an additional input packet is required, when the forwarding buffer is smaller than 
the number of packets which may require forwarding (generally 24 packets). 
Hovvever this strategy may cause starvation, as output packets mav be inhibited 
indehnately by a stream of input packets that require forwarding. Starvation mav 
be avoided by system-level design and configuration considerations bevond the 
scope of this specification. 

Packets which contain a check byte error may be forwarded; however it is 
recommended that such packets be transmitted with a check byte containing 
more than one error bit, to minimize the possibility of an undetected second error 
Packets which contain a "stomped" check byte mav be forwarded as is, or may be 
ignored by a forwarding device. Note that when a packet is forwarded with 
minimum latency, the output channel may begin transmitting a packet before the 
input channel has received the entire packet: in such a case, the only available 
choice is to continue forwarding the packet even if a check bvte error or 
stomped check byte is detected. 
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Ring Configurations 



Hermes supports a variety of ring configurations. All devices in a cascade must 
have the same values for A and W parameters, in order that each part mav 
properly interpret packet boundaries. The table below summarizes the 
characteristics oi the configurations available: 



configuration 


masters 


slaves 


number 


rcrv/ardinq 


number 


rorwardinq 


master-slave pair 


t 


nc I 


1 


no 


single-master rinq 


1 


no 


1-4 


yes 


dual-master pair 


2 


no 


0 




multiple-master single- 
slave rinq 


1-8 


yes 


1 


no 


multiple-master multiple- 
slave ring 


1-8 


yes 


1-4 


yes 



Master-slave Pair 

The simplest ring consists of a single Hermes non-forwarding master device and a 
single Hermes non-forwarding slave device. No forwarding is required for either 
device as packets are sent direcdy to the recipient. The ring may have as many as 
eight transactions outstanding, each containing distinct id field values. 




Single-master Ring 



A single-master ring may contain a cascade of up to four Hermes slave devices. 
The cascade of devices will have the same or greater bandwidth as a single device, 
but more latency. Each Hermes slave device must be configured to a distinct 
module address, and each slave device must forward packets that contain module 
address fields unequal to their own. 




Packets are explicitly addressed to a particular Hermes device; anv packet 
received on a device's input channel which specifies another module address is 
automatically passed on via its output channel. This mechanism provides for the 
serial interconnection of Hermes devices into strings, which function identically to 
a single device, except that a string has larger capacity and longer response 
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! a J?K «„S? Sl y dCVi %r?J h f VC " many as ci ? ht "tactions outstanding, 
each containing distinct id held values. 

Dual-master Pair 

A dual master pair consists of two master devices and no slave devices Each 
master device may inmate read and write operations addressed to the other, and 
each may have up to eight such transactions outstanding. No forwarding is 
required tor euher device as packets are sent directly to the recipient. § 



M 



M 



Hermes dual-master pair 



Multiple- master Single-slav^ Png 

A multiple-master ring may contain multiple master devices and a single Hermes 
stave device, provided that the master devices arrange to use different id values 
to their requests. Each master may use a share of the eight transactions. Master 
deuces must forward packets not spectrally addressed to them, as designated by 
the values m the «d field. The slave device need not forward packets, as all inpm 
packets are designated for the slave device. 




Multiole-master Mi iltini e-slave Ring 

A multiple-master ring may contain multiple master devices and as manv as four 
Hermes slave devices, provided that the master devices arrange to use different id 
values for their requests. Each slave may have up to eight transactions 
outstanding, and each master may use a share of those transactions. Master 
devices must forward packets not specifally addressed to them, as designated bv 
the values in the id field. Slave devices must forward packets not specifically 



H 


M 




M 




M 




M 




S 




S 




S 




s 


1 


Hermes multiple-master multiple-slave rinq 



Response Packet Timing 

In general, a received packet which is interpreted as a command causes a 
response packet to be generated. The latency between the end of the request 
packet and the beginning of the response packet is affected by the processing and 
forwarding of other packets, by the presence or absence of the requested word in 
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the cache, as well as implementation-dependent device parameters and 
characteristics. 

With full knowledge of the cache state, configurable parameters and 
implementation-dependent characteristics, a Hermes master mav completely 
model the latency- of responses. However, dependence on such characteristics is 
not recommended, except for testing and characterization purposes. 

A Hermes master must have the capability to detect a time-out condition where a 
response to a request packet is never received. The lencth of the time-out is 
implementation-defmed, and dependent upon the implementation of the Hermes 
slave devices, so .t is recommended that this time-out be long enough to 
accomodate variation in the design ot Hermes slave devices, or be configurable to 
permit recovery in a minimum implementation -dependent delay. 

Cerberus Registers 

The Hermes channel architecture builds upon the Cerberus serial bus 
architecture. Only the specific requirements of Hermes-compliant devices are 
defined below. 

Hermes requires that the values of A and log 2 W be made available in the high- 
order byte ot the first architecture description register as indicated below. 

The format of the register is described in the table below. The octlet is the 
Cerberus address of the register; bits indicate the posifion of the field in a register. 
The value indicated is the hard-wired value in the register for a read/only register, 
and is the value to which the register is initialized upon a reset for a read/write 
register If a reset does not initialize the field to a value, or if initialization is not 
required by this specification, a * is placed in or appended to the value field. The 
range is the set of legal values to which a read/write register may be set. The 
interpretation is a brief description of the meaning or utility of the register field; a 
more comprehensive description follows this tableT 



octlet bits 


field name 


value ranae 


interpretation 


4 63. .60 


A 


4 


1-15 


size of a Hermes address 


59..S6 


log 2 W 


3 


a. 15 


size of a Hermes word 


55. .0 


not specified 






not specified by Hermes architecture 



Architecture Description RGoiRt&rx 

The architecture description registers in ocdets 4 and 5 comply with the Cerberus 
specification and contain a machine-readable version of the architecture 
parameters: A, W described in this document. 
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Cerberus Serial Bi js 



MicroUnitys Cerberus serial bus architecture is designed to provide bootstrap 
resources, configuration and diagnostic support tor .MicroUnitv's Terosichore 
system architecture. 

The Cerberus serial bus employs two signals, both at TTL levels, tor direct 
communication among as many as 2* devices. One signal is a continuously running 
ciock and the other is an open-collector bidirectional data signal. Four additional 
signals provide a geographic 8-bit address tor each deuce. A gateway protocol and 
optional configurable addressing each provide a means to extend Cerberus to as 
many as 2 16 buses and 2 24 devices. 

The protocol is designed for universal application among the custom chips used to 
implement the Terpsichore system architecture. It is also designed to be 
compatible with implementations embodied in FPGA parts, such as those made 
by Xiknx, Altera Actel and others. Such FPGA parts mav be used to adapt the 
Cerberus protocol in a minimum of logic to attach smaU serial bus devices, such as 
those made by Dallas Semiconductor t'EEPROM, serial number parts). ITT (1MB 
bus), Signetics (PC bus). It is also a goal that such FPGA parts can be used to 
adapt the Cerberus protocol to communication over EIA-232/422/423/485 links to 
existing systems for the purposes of system development, manufacturing test and 
configuration, and manufacturing rework. 

The Cerberus serial bus is used for the initial bootstrap program load of 
Terpsichore; the bootstrap ROM connects to Terpsichore via Cerberus. Because 
the Cerberus must be operational for the fetch of the first instruction of 
Terpsichore, the bus protocol has been devised so that no transactions are 
required for initial bus configuration or bus address assignment. 

Electrical Signalling 

The diagram below shows the signals used in Cerberus. 
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The SC signal is a continuously running clock signal at TTL levels The rate is 
specified as 20 MHz maximum 0 (DC) minimum, the SC signal is sourced from a 
single point or device, possibly through a fan-out tree, the location of which is 
unspecified. 

The actual dock rate used is a function of the length of the bus and quality of the 
noise and signal termination environment. The amount of skew in the SC signal 

ske!; C o e n n cheSD°siS erUS ^ ^ * » be k * ^ the 

?L S ?i ignal ' S ? 5 0n - in . vert , ed open-collector (0 = driven = low; 1 = released = 
high) bidirectional data signal, at TTL levels, used for all communication among 
devices on Cerberus. 5 

One of several termination networks may be used on this signal, depending upon 
lomt design targets of network size, clock rate, and cost. One of the simplest 
schemes employs a resistive pull-up of the equivalent of 220 Ohms to 3 3 Volts 
above Vss, A more complex termination network, such as termination networks 
including diodes or the "Forced Perfect Termination" network proposed for the 

*S?c«E I T, V v be advanta S e ? us ^ ^rger configurations. Termination 
voltages as high as 3.3 V are permitted. 
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The following table specifies parameters that must be met bv Cerberus-compliant 
devices. Voltages are referenced to V$s. 



Recommended operating conditions 


MIN 


NOM 


MAX 1 UNIT 


Operating free-air temperature 


0 




70 |C 






Electrical characteristics 


MIN 


TYP 


MAX 


UNIT 


Vol: L-state output voltage 


0 




0.5 


V 


Vih: H-state input voltaae SD 


2.0 




Vr+0.5 


V 


V| H . H-state input voltage SC. SN 3 0 


2.0 




5.5=^ 


V 


Vil: L-state input voltage 


-0.5 




U.O 


V 


lou L-state output current^ 






16 


mA 


loz : Off-state output current 33 


-10 




10 


uA 


Cout: Output Capacitance 






4.0 


PF 








Switching characteristics 


MIN 


TYP 


MAX 


UNIT 


tc: SC clock cycle time 


50 






ns 


tcH: SC clock high time 


20 






ns ! 


tci_ : SC clock low time 


20 






ns 


tr. SC clock transition time 






5 


ns 


ts: set-up time. SD valid to SC rise 


0 






ns 


Ih: hold time. SC rise to SD invalid 






1 


ns 


toD"- SC rise to SD valid 


5 






ns 



Geographic addm^Rinn 



The objective of the geographic addressing method in Cerberus is to ensure that 
each device is addressable with a number which is unique among all devices on 
the bus and which reflects the physical location of the device, so that the address 
remains the same each time the system is operated. 

When a system requires at most 16 devices, the geographic addressing method 
permits the assignment of addresses 0 through 15 by direcdy wiring the low-order 
4 bits of the address in binary code using input signals SN>.. 0 - For these purposes, 
wiring to a logic high (H) level supplies a value of 1, and wiring to V S s or logic low 
(L) level supplies a value of 0. 



53 Cerberus recommends, but not require, compliant devices be abJc to sustain input levels 
provided by 5V TTL -compatible devices on the SC and SN3 . 0 inputs. 

54 Devices which fail to comply with the low-state output current specification may operate with 
Cerberus-compliant devices, but may require changes to the termination network. System 
designers should evaluate the effect that limited drive current will have on the worst-case Low- 
state signal level. 

55 Devices which fail to comply with the off-state output current specification may operate with 
Cerberus-compliant devices, but may limit the number of devices which may co-exist on a single 
Cerberus bus. System designers should evaluate the effect that additional leakage current will 
have on the worst-case High -state and Low-state signal levels. 
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ihroughlV belOW indkatCS thC Vnring paUern for each device addr «s from 0 



Device 
address 


Binary 
code 


0IM3 


SN2 




SN 0 


0 


00000000 


L 


L 


1 


1 

L 


1 


00000001 


L 


L 


I 

u 


n 


2 


00000010 


L 


L 


H 


1 

L 


3 


0000001 1 


L 


L 


N 

n 


LJ 
PI 


4 


00000100 


L 


H 


1 

i_ 


L 


5 


00000101 


I 


H 


L. 


LJ 

n 


6 


00000110 


L 


H 


H 


L 


7 


00000111 


L 


r h 


H 


H 


8 


00001000 


H 


L 


L 


L 


9 


00001001 


H 


L 


L 


H 


10 


00001010 


H 


L 


H 


L 


1 1 


00001011 


H 


L 


H 


H 


12 


00001100 


H 


H 


L 


L 


13 


00001101 


H 


H 


L 


H 


14 


00001110 


H 


H 


H 


L " 


15 


00001111 


H 


H 


H 


H 



An extension of this method is used for the assignment of addtesses 0 through 255 
when a system requires more than 16 devices, up to 2« devices. Additional code 
combinations are made available by wiring each of the same input signals SNj n as 
before to one of four signals: the two described above, L and H. and two additional 
?c£ vA'e- l C ° Py ° f / he SC Slgnal and an Averted copv of the SC signal 
j a " Cre are four SN si 8 nals . "ch wired to one of four values, 

4" 4 =2 8 =256 combinations are possible 

The wiring pattern is constructed using the algorithm: If the desired device 
address is the value N. for each input signal SN X , where x is in the range 3..0, wire 
5N X to one of the four signals L, H, SC, or SC_N, according to the following table, 
depending on the value of bit 4+x and bit x of N. 





N x 


SN X 


0 


0 


L 


0 


1 


H 


1 


0 


SC 


1 


1 


SC N 
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The table below indicates the wiring pattern for some device add 



Device 
address 


Rma rv 
i_> 1 1 lai y 

code 


SN 3 


SN 2 


SN, 


SN 0 


16 


0001 noon 


1 


L 


L 


SC 


17 




1 

L 


L 


L 


SC N 


18 


0001 001 0 


1 


L 


H 


SC 


19 


0001001 1 


1 


L 


H 


SC_N 














29 


00011101 


H 


H 


1 




30 


00011110 


I H 


H 


H 


SC 


31 


00011111 


H 


H 


H 


SC.N 


32 


00100000 


L 


L 


SC 


L 


33 


00100001 


L 


L 


sc 


H 


34 


00100010 


L 


L 


SC N 


L 














254 


11111110 


SC_N 


SC_N 


SC_N 


SC 


255 


11111111 


SC_N 


SC_N 


SC_N 


SC_N 



The diagram below shows the waveform of the SC signal and the four signals that 
each ot the SN3 0 inputs may be wired to. 











L 












H 
















Cerberus device Signals 
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The values shown in che diagram above are decoded using four copies of the 
roUowing logic, one tor each value of x in the range 3.. 0: 




The NU and NL values are combined together in the order: 

I NU 3 \ NU 2 | ggj I N Up | NLa I nL \ NLi I NLn 1 

1 1 1 i i i 1 1 1 1 

to construct an 8-bit device number by which operations are addressed. 

Bit-Level Protocol 

The communication protocol rests upon a basic mechanism bv which anv device 
may transmit one bit of information on the bus, which is received bv all devices on 
the bus at once. Implicit in this mechanism is the resolution of collisions between 
devices which may transmit at the same time. 

Each transmitted bit begins at the rising edge of the SC signal, and ends at the 
n , ext " SU ?S e f 8 e - bit value is sampled by all devices at the next rising edge of 
the SC signal, thus permitting relatively large signal setding time on the SD signal 
provided that skew on the SC signal is adequately controlled. " ' 

The transmission of a zero (0) bit value on the bus is performed bv the transmitter 
driving the SD signal to a logical-low value. The transmission of a one (1) bit value 
on the bus is performed by the transmitter releasing the SD signal to attain a 
logical-high value (driven by the signal termination network). If more than one 
device attempts to transmit a value on the same clock period (of the SC signal) the 
resulting value is a zero if any device transmits a zero value, and is a one if all 
devices transmit a one value. We define the occurrence of one or more devices 
transmitting a zero value on the same clock cycle where one or more devices 
transmit a one value as a collision. 



344 



Case 2:05-cv-00505-TJW Document 149 Filed 1 0/1 5/2007 Page 28 of 40 

WO 97/07450 PC17US96/13047 



u cannnr L, e * wd * nd . coU «"> n «chan«m. if a device transoms . zero value, 

" . 7£ 6 Irl ' VhCthCr T ° ther deviceS are »^™tting at the same time 
i a device transmits a one value, it can monitor the resulting value on the SD 
signal to determine whether any other device is transmitting a zero value on the 
ame clock cycle. In either case it two or more devices transmit the same value on 
the same clock cycle neither device, in fact, no device on the bus can detect the 
occurrence, and we do not deline such an occurrence as a collision. 

Iv^?!inr°,T CChamSm "'"I 5 ° VCr t0 the hl * her levels of the protocol, where if 
Z\Y,ll ?Zr T tra u Sm,t tHe f me P3ckct or carr >- on the sa ™ transaction, no 
occurs normal tL Pr ° tOC01 is desi =° ned *> *« the transaction 

are reset a 7?he^l e T ° CCUr frequemI ^ lf » lde ™ cal devices 

are reset at the same time and each inmates bus transactions, such as two 
processors each fetching bootstrap code from a single shared ROM device. 

Packet Protocol 

The packet protocol uses the bit-level mechanism to transmit information on the 

couic" " K , ^J" bKS °'. a ™ Iu P le of «ght bits, while resolving potential 
coUis ions between devices which may simultaneously begin transmitting a packet. 

2 rlZT 51 °U Pr ° Vld f- fpI ±ed «™™ of single-bit* transmission errors, and 
SI A \ g f 0t informat,0 f n flow, with eight-bit granularity. The protocol 

aJso provides for the transmission of a sysrem-level reset. ' 

Each packer transmission begins with, a single start bit, in which SD alwavs has a 
zero (driven) value. Then the bits ot the first data byte are seriallv transmitted, 
starting with the least-significant bit. After transmitting the eight data bits, a paritv 
bit is transmitted. If transmission continues with additional data, a single one 
(released) bit .s transmitted immediately followed by the least-significant bit of the 
next byte, as shown in the figure below: 



sc A/WWVWW WW Wl 

s1an parity delay 

Packet transmission 



SD 
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Otherwise, on the cycle following the transmission of each parity bit. anv device 
may demand an additional delay ot two cycles to process the data bv dn'ving the 
bD signal (to a zero value) and then, on the next cvde releasing the SD sianal (to a 
one value), making sure that the signal was not driven (to a zero value) bv anv 
other device. Further delays are available by repeating the pattern of driving the 
, **? aI (t0 a ze , ro val V e) for one c >' cle ^d releasing the SD signal (to a" one 
value) tor one cycle and ensuring that the signal has been released. Additional 
bvtes are transmitted immediately after the bus has been one (released) on the 
d (delay) clock cycle, without additional start bits, as shown in the figure below 



parity deiay atcn aeiay aflon delay 

delay between bytes 



Any Cerberus device may abort a transaction, usually because of a detected 
parity error or a deadlock condition in a gateway, by driving the SD signal (to a 
zero value) on the "d" (delay) and the "a" (abort) cycles, as well as the next ten 
cycles, for a total I of 12 cycles. The additional ten cycles ensure that the abort ,s 
detected by all devices even under the adverse condition where a single-bit 
transmission error has placed devices into inconsistent states. Each device that 
detects an abort drives the SD signal (to a zero value) for ten cvcles after its "a" 
(abort) cycle state, so in the most adverse case, an abort may have devices driving 
the bus to as many as 22 consecutive axles. The figure below shows a tvpical (12 
cycle) transaction abort, followed by an immediate re-transmission of the 
transaction. 



^ /WWA/VWWWWWl 



a 9 999999999 /T\ s / O-Y-Vri 
pari.ya.lay aflon ' „„. s tar. " ' 

abort followed by re-transmission 



Any Cerberus device may reset the Cerberus bus and all Cerberus devices bv 
driving the SD signal (to a zero value) for at least 33 cycles. This is sufficient to 
ensure that all devices receive the reset no matter what state the device is in prior 
to the reset. Transmission may resume after the SD signal is released (to a one 
value) lor two cycles, as shown in the figure below. 



sc AAA/VWWW\A/W\A/l 



SD 



reset reset reset reset reset reset reset reset reset reset reset reset reset start start 

reset followed by transmission 
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The state diagram below describes this protocol in further detail" 




The table below describes the data output and actions which take place at each 
state in the above diagram. The next scare for each state in the table is either 
column go-0 or go-1, depending on the value of the in column. 



state 


out 


in 


go-o 


ao-1 


action 


s • 


s 


is 


0 . 


s 


s = 0 iff transmit first byte. Must wait in this 
state one cycle (with s=1) if transmitting a 
new transaction. 


0 


do 


io 


1 


1 


bit 0 (LSB) of data. If do &~ io. lose 
arbitration. 


1 


d, 


ii i 


2 


2 


bit 1 of data. If di &- i 1f lose arbitration 


2 


d 2 


'2 


3 


3 


bit 2 of data. If d2 &~ lose arbitration. f 


3 


d 3 


'3 


4 


4 


bit 3 of data. If d^ &~ (3, lose arbitration | 


4 


d 4 


14 


5 


5 


bit 4 of data. If d* &~ 14. lose arbitration. 


5 


d 5 


15 


6 


6 


bit 5 of data. If ds &- is. lose arbitration. I 


6 


d 6 


'6 


7 


7 


bit 6 of data. If d6 &~ i6. lose arbitration. 


7 


d 7 


17 


P 


P 


bit 7 (MSB) of data.. If d 7 &~ i 7 . lose 
arbitration. 


P 


P 


i D 


d 


d 


P = - A «7 .0 (odd parity); abort if p*\ p . 


d 


d 


id 


a 


s/0 


d = 0 iff transmit delay, abort, or reset. If 
id=1, go to state 0 if not last byte of packet: 
else state s. 


a 


a 


'a 


g 


d 


a = 0 iff transmit abort or reset. If i a = 0, 
abort transaction. 


9 


0 


N/A 


g/r 


N/A 


stay in state q 10 times, then qo to state r. 


r 


r 


ir 


r 


s 


r = 0 iff transmit reset. If i r = 0 and have 
been in this state 12 times, reset device. 



In order to avoid collisions, no device is permitted to start the transmission of a 
packet unless no current transaction is underway. To resolve collisions that may 
occur if two devices begin transmission on the same cycle, each transmitting 
device must monitor the bus during the transmission of one (released) bits. If any 
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he current h J? «*«"w>n. and must transmit no additional bus of 

tne current byte or transaction. 

A device which has lost the arbitration of a collision, or has suffered the 
occurrence of a transaction abort : may retry the transrmss.on immediateK after 
the ansm.ss.on of :he last byte at the current transaction, as shov^ in th fit 



partly delay start 



\ 5 ii | 



pa 

re-transmission after loss of arbitration 



parity delay 



All other devices must wait one additional SC (clock) cycle before transmirtinc 

nave coS 8C ' 1 Sh °7 " thC figUfe beW - Thls enluxirLt 5 deS™^ 
agafn ? ^ ^ ° P ™ l ° nS bef ° rC an0ther set of devices arbitrate 



sc f\AJ UWAAAAV \ / \ / \ A ryryr\ n 




m 


[mm 




d 


. parity delay 

1 re-transmission after loss of arbitration 





dock X i? r 8 tlme - OUt 1117,11 of no more lhan 2 ^6 idle 

c ock cycles between the packets of a transaction. After seeing this many idle 

Z T' " S ° mC tUnC WUhin thc next 256 clo <* cycles, such devTces^ust 
bytes of zeroe'r tranSaCtl ° n transmi ™§ a "me-out packet, which consists of rwo 

^Z^'X™ reqUife m °i e CyC !f S b , etWeen the transmiss lon of packets in a 
™ th *? « , e l«nuK«J ««e clock cycles. Such devices mav avoid the 
n m L r ^"by flaying the completion of the transmission of the previous 

SD ja ^d/ T\d/^~_ ~ 

parity delay abort delay aeon delay slafl 

delaying com pletion of previous packet until ready to respond 

It is necessary that initiator-capable and other devices cooperatively avoid 
collisions between the time-out packet and transaction responses. The 
responsibility of the initiator devices is to inhibit transmission of a time-out packet 
if. before the time-out packet can be transmitted, some device begms transmitting, 
even if such a transmission begins after 256 idle clock cycles have elapsed If the 
design of a target device ensures that no more than 256 idle clock cvcies elapse 
between packets of a transaction, it need not be concerned of the possibility ot a 
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collision during the transmission or a response packet. Otherwise the 
responsibility of the target devices is to inhibit transmission of a response if some 
other device begins transmitting a time-out packet after at least 256 idle clock 
cycles have elapsed. 

A device which requires delay after an aborted transaction or a reset mav cause 
such a delay by forcing the delay bit after the first bvte of the immediatelv 
following transaction as required. If in such a case, the device cannot keep a copv 
ot the first byte of the transaction, it may force the transaction initiator to 
retransmit the byte by aborting that following transaction after a suitable delav 
has been requesred. 

Transaction Prntnr.nl 

A transaction consists of the transmission of a senes of packets. The transaction 
begins with a transmission by the transaction initiator, which specifies the target 
net device, length, type, and payload of the transaction, request. If the tvpe of the 
packet is in the range 128..255. the target device responds with an additional 
packet, which contains a length and type code and pavload. The transaction 
terminates with a packet with a type field in the range 0..127. otherwise the 
transaction continues with packet transmission alternating between transaction 
initiator and the specified target. 

The general form of an initial packet is: 

tnplm |del L | T | P0 | P1 1 fcTl 

The general form of subsequent packets is: 

H-ITIPnlPil g 
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e range of valid values and the interpretation of the bvces is given bv the 
owing table: 



Field 


Value 


intsrcretation 


no, ni 


0..2 16 -1 


nerworK address of target, relative to 
network address of transaction 
initiator. Value is zero (0) if target is 
on same bus as transaction initiator. 


de 


0..255 


device address, in this case, an 
absolute value, i.e., not relative to 
device address of transaction 
initiator. 


Mm 


0..255 


payload length, or number of bytes 
after transaction code (T). 


T 


0..255 


transaction code. If the transaction 
code is in the range of 0..127. the 
transaction is terminated with this 
packet. If the transaction code is in 
the range of 128. .255. the 
transaction continues with 
additional packets. 


POfPl,— PL-1 


0..255 Pavload of transaction. j 



general transaction byte interpretation 



The valid transaction codes are given by the following cable: 



mnemonic 


L 


T 


interpretation 


te 


0 


0 


transaction error: bus timeout, 
invalid transaction code, invalid 
address 


tc 


0 


1 


transaction complete: normal 
response to a write operation 


d8 


8 


2 


data returned from read octlet 






3..127 


reserved for future definition 


w8 


10 


128 


write octlet 


r8 


2 


129 


read octlet 






130..255 


reserved for future definition 



general transaction byte interpretation 



All Cerberus devices must support the transaction codes: te. tc, d8, w8, and r8. 

All Cerberus devices monitor SD to determine when transactions begin and end. 
A transaction is terminated by the completion of the transmission of the specified 
number of payload bytes in a transaction with code in the range 128..255, or bv the 
transmission of an abort sequence. For purposes of monitoring transaction 
boundaries, only the L byte is interpreted: the value of the T byte (except for the 
high order bit) must be disregarded. This is of particular importance as manv 
transaction codes are reserved for future definition, and the use of such 
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ransaccion codes between devices which support them must be permuted, even 
though other devices on the Cerberus bus mav not be aware of the mean ns of 
such tran.act.ons. A Cerberus device must permit any value I the ™K 
transactions addressed to other devices, even if onlv a limited set of values is 
permitted tor transactions addressed to that device. 

Transactions addressed to a device which does not provide support for the 
Ztri ! ranSaCUOn code or P a V ,oad length should be aborted bv the addressed 

The selection of the payload length L and transaction code T for the transaction 
error packet is ol particular note. Because the value of all information bits of the 
packet is zero, ,t is guaranteed that a device which transmits this packet will have 
collision priority over all others. 

Write Or.ttoT 

The 'write octlet ; transaction causes eight bytes of data to be transferred from 

d, e > r /^^ CUOn TU m ° r 10 the addressed taf g« device at an octlet-ahgned 16-bit 
device address. The transaction begins with a request packet of the form: 

| no 1 m 1 de |m t w8 | An I A 1 | Dp | Di | p, | p a | p 4 | | D JJq7\ 

The normal response to this request is of the form: 

I 0 I tc | 

The error response to this request is of the form: 

ro"nn 

The 16-bit device address is interpreted as an octlet address (not a byte address) 
first) 15 35 A ° Al ^ 2S (m ° St si 6 nificant ^ is transmitted 

15 8 7 0 
I Ap | Ai 1 

8 8 

The data to be transferred to the target device is assembled into an ocdet as (most 
significant byte is transmitted first): 

63 56 55 48 47 40 39 32 31 24 23 16 15 8 7 Q 

I Do I P1 I P2 I D 3 | D A | Ps | p 6 I -qT~] 

8 8 8 8 8 8 ' 8 8 

Side-effects due to the alteration of the contents of the octlet at the specified 
address are only permitted if the transaction completes normallv. In the event that 
the write octlet transaction is aborted at or prior to the transmission of the Ai 
byte, the target device must make no permanent state changes. If the transaction 
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s aborted at or after the transmission oi the D 0 byte, the contents of the octlet at 
the specified address is undefined. Il alterations of the contents normally would 
cause side-eftects in the operation oi the .Cerberus device or side-effects on the 
contents of other addressaole octlets in the device, these side-effects must be 
suppressed. 

Jfill^-T^J" 861 de r" 15 not .P res , ent on ^e Cerberus bus. the transaction 
will proceed to the point of transmitting the octlet data and then stop until the idle 
time-out limit is reached. At that point, one or more initiator-capable devices will 
generate an error response packet. 

If the addressed target device is present on the Cerberus bus. but the 16-bit 
device address is not valid for that device, the target must generate an error 
response packet. 

Resd OcJlet 

The "read octlet" transaction causes eight bytes of data to be transferred to the 
transaction initiator from the addressed target device at an octlet-aligned 16-bit 
device address. The transaction b egins with a request packet of the form: 

I n 0 | m | de | 2 | r8 | Ao I ATI 

The normal response to this request is of the form: 

m 38 | Dp | D< | Dg | Da I Da | Dg j D 6 I P7 1 

The error response to this request is of the form: 

10 I te I 



The 16-bit device address is interpreted as an ocdet address (not a byte address) 
and u assembled from the A 0 and Ai bytes as (most significant byte is transmitted 

15 8 7 Q 

rxo i Ai i 

8 8 

The data to be transferred to the target device is assembled into an ocdet as (most 
significant byte is transmitted first): 

63 56 55 48 4 7 40 39 32 31 24 23 16 15 8 7 Q 

I Po I Pi I Pa I P a I P« I D« I D« | D 7 n 

8 8 8 8 8 8 8 8 

Regardless of whether the transaction completes, the read octlet transaction must 
have no side-effects on the operation of the Cerberus device or the contents of 
other addressable octlets. 
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If he addressed target device is not present on the Cerberus bus, the transaction 
will proceed to the point ok transmitting the octlec address and then stop untd the 
idle time-out limit is reached. At that point, one or more initiator-capable devices' 
vvUJ generate an error response packet. 

JLv! ad i ressed tar * ec fe 1 " « present on the Cerberus bus. but the 16-bit 
device address is not valid for that device, the target must generate an error 
response packet. 

Dedicated Octtets 

Certain octlet addresses are assigned by which all Cerberus devices mav be 
identified as to device type manufacturer, revision, and bv which devices mav be 
md.vidually reset and tested. All or part of octlet addresses 0..7 are reserved for 
this purpose. 



octlet 


63 56 55 48 47 40 3? 32 31 24 23 16 15 8 7 O 


O 


identify architecture 


1 


identify implementation 


2 


identify manufacturer 


3 


identify serial number 


4..5 


identify architectural features and options 


6 


specify operating modes 


7 


report operating status 


8.. 
2*6-1 


not specified by Cerberus 




8 8 8 3 8 8 8 6 



The ocdets at addresses 0 through 3 identifies the company which specifies the 
device architecture {e.g. MicroUnity). the device architecture (e.g. Mnemosvne, 
ierpsicnore, Calliope), the implementor (e.g. MicroUnitv, partner), the device 
implementation and manufacturer and manufacturing version (e.g 1.0 1 1 ? 0) 
and optionally a unique device serial number. Addresses 0 through Tare 
read/only; an attempt to write to these addresses may cause either a normal 
termmauon or an error response. Address 3 may be read/only or read/write, 
octlet 63 



1 

2 
3 



architecture code 


u 

architecture 
revision 


implementor code 


implementor 
revision 


manufacturer code 


manufacturer 
revision 


serial number 


configurable 
address 
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The octlet at address 0 contains an architecture code and revision identifier. The 
architecture code and revision identities each distinctly designed architecture 
version of a device. Normally, a change in the upper byte of the revision indicates 
a change in which features may have changed. A change in the lower byte of the 
revision signifies a change made to repair design defects or upward-compatible 
revisions. 

The architecture code is a unique 48-bit identifier, comprised of the concatenation 
of a 24-bit unique company identifier 56 , and a 24-bit value specified by the 
designated company. This code must noc duplicate 48-bit identifiers specified for 
this purpose, or for other purposes, including use of unique identifiers for 
implementation codes, manufacturing codes, or in IEEE 1212, or IEEE 802. IEEE 
802 48-bit identifiers are specified in terms of a binary ordering of bits on a single 
line; for Cerberus, the ordering which is appropriate is that labelled "CSMA/CD 
and Token Bus," where bits are driven onto Cerberus with the least-significant bit 
of each byte first. 

MicroUnity's architecture codes are specified by the following table: 



Interna! code name 


Code number 


Mnemosyne 


0x00 40 a3 49 d2 e4 


Euterpe 


0x00 40 a3 24 69 93 


Calliope 


0x00 40 a3 92 04 49 



Refer to the designated architecture specification for architecture revision codes. 



56 Company identifiers are a 24-bii value assigned by authority of the IEEE. Ask for a 'unique 
company identifier' for your organization: 

Registration Authority for Company Identifiers 
The Institute of Electrical and Electronic Engineers 
445 Hoes Lane 
Piscatawav. NJ 08855-1331 
USA 
(908)562-3812 

MicroUnity's unique company identifier is: 0000 0000 0000 0010 1100 0101. Only MicroUnity 
may assign unique 48-bit identifiers that begin with this value. Others may assign 48-bit 
identifiers that begin with a 24-bit company identifier assigned by authority of the IEEE. 

MicroUnity will, upon request, supply unique 48-bit identifiers for architectures, im piemen tors, 
or manufacturers of designs which are fully compliant with the Cerberus Serial Bus 
Architecture. For assignment of identifiers, contact MicroUnity: 

Craig Hansen. Chief Architect 
Registration Authority for Unique Identifiers 
MicroUnity Systems Engineering, Inc. 
255 Caspian Drive 
Sunnyvale. CA 94089-1015 
Tel: (408) 734-8100 
Fax: (408)734-8136 
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The ocde at address 1 contains an implementation code and revision identifier. 

Jn 11 • " 0n f C ° d j ;i Vi5 ' 0n iden "fies each distinctly designed 

engineering version of a dev.ce. The implementation code is a unique 48-bit 
identifier, as tor architecture codes. Normally, a change in the upper bvte of the 

SS°C^f 3"*.? T ln u Vhkh may have chan § ed - or in '^ch all 

SSon'S, f 3 T haVC m0dltkd - A chan 8 e in the lo ^ r b vte of the 

ml fc w£ n ( CS A if T dC t0 ^ d " lgn defeccs or in w ' hich ° nK ' some 
mask layers ot a device have been moditied. 

Refer to the designated architecture specification for the values of the 
implementation code and revision fields. 

m a n,?f C a rn " ""f™ 2 /° nca i ns » mnufrcnirer code and revision identifier. The 
3 »n i ' 1 C ° de and revisl0n .Entities each distinct manufacturing database 
a chiti? e ^ U ° n r? e manutac L ur « code - is a ^iq«e 48-bit identifier, as for 
modS^c A $ - Chan § es „ in 'he manufacturer revision mav result from 

Refer to the .designated architecture specification for the values of the 
manufacturer code and revision fields. 

^!ln 0 ^!. a L addre i S 3 °P tl ° nall y c °ntains a unique device serial number or 
random number .and optional y contains a configurable address register. If the 

value COntam 3 ° r r3nd ° m nUmber ' " must con tain a 64-bit zero 

If the octlet contains a unique device serial number, it must be a unique 48-bit 
value, as tor architecture codes. 

If the octlet contains a random number, ir must be a value chosen from a uniform 
distribution, selected whenever the device is reset. 

The optional configurable address register permits a svstem design in which some 
devices are set to identical Cerberus device addresses at system reset time, and 
dynamicaUy have their addresses moved to unique addresses by some Cerberus 
device. The configurable address register must be set to the address designated 
by the SN3..0 puis whenever the device is reset. A device which implements the 
configurable address capability must also implement either a unique device serial 
number or a random number, must implement the arbitration mechanism during 
responses from read-ocder requests, and must ensure that all devices which are 
originally set to the same address at reset time respond to a read-octlet with 
identical latency. An initiator device on Cerberus may set the configurable 
address register by reading the entire octlet at address 3, reading both the 
serial/random number and the configurable address register. By the use of the 
bitwise arbitration mechanism, only one device completes the read-octlet response 
packet. Then, the initiator device writes a value to ocdet address 3. where the first 
48 bits of the value written must match the value just read. All target devices then 
examine the first 48 bits of the value written, and only if the value matches the 
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contents oi the serial/random number on the device, uses the last 16 bits'- to load 
into the configurable address register. The initiator will repeat this process until 
there are no more devices at the original/reset address, at which time a bus time- 
out occurs on the read-octlet transaction. 

The octlets at addresses 4 and 5 contain architecture parameters. Values are 
device-architecture-dependent and implementor-independent; refer to the 
designated architecture specification for information. Addresses 4 and 5 are 

t^mSn n n a " empt C ° W " te 10 thCSe addreSS « ^ cause either * normal 
termination or an error response 



termination or an error response 
octiet 63 

4 architecture parameters not specified by Cerberus 



architecture parameters not specified by Cerberus 



64 



Octiet 6 designates overall device settings: Values in address 6 are changed only 
by external devices and not by the device itself; this reg.ster is read/write. Two 
bits or the hrst byte have standard meaning for all Cerberus devices. Bits 61 0 are 
not specified by Cerberus except by the restriction that these values are changed 
only by external devices, not by the device itself; refer to the designated 
architecture specification for information. 

Writing a one to bit 63, r, of ocdet 6 causes the device to perform a device circuit 
reset, which is equivalent to the reset performed by driving the SD signal (to a 
zero value) tor 33 or more cycles, and sets the device to an initial state in which 
previous device state may be lost, previous control settings may be lost and 
variable power settings are set to a minimal, functional value, after which bits 63 
and 62 ot the status register below are set (to ones). 

Writing a one to bit 62, c, of ocdet 6 causes the device to perform a device logic 
clear, which initializes the device to a known, quiescent, initial state, in which 
previous device state may be lost, but does not affect control register settings 
related to variable power settings, after which bits 63 and 62 of the status register 
below are set (to ones). 

Writing a one to bit 61, s, of ocdet 6 causes the device to perform a self-test after 
which previous device state may be lost, and after which bit 62 of the status 
register below is set (to one) if the self-test yields satisfactory results. Bit 63 of the 
status register below is set (to one) at the end of the self -test, 
octiet 63 62 61 60 Q 

6 I r t c j s t other device settings not spe cified by Cerberus 1 

i7i ^ 



A 1 , 6 - b ' t fie ' d Provides for the possibility of configuring devices which respond to addresses 
directly that have net numbers set, thereby blurring the dividing line between Cerberus net 
addresses and device addresses. Gateway designers might want to consider this possibility 
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Ocdct / designates device status. Values in address 7 are normally modified onlv 
by the device itself, except when an external device mav clear 'status or error 
conditions; this register is read/write. However, the onlv valid data which can be 
written to this register is a zero value, which clears any outstanding status or error 
reports. Two bits of the first byte have standard meaning for all Cerberus devices. 
Bits 61 0 are not specified by Cerberus except by the restriction that these values 
are modified only by the device itself except for clearing bv an external device; 
reter to the designated architecture specification for information. 

Bit 65. c. of octlet 7 indicates whether the device has completed reset, clear, or 
self-test. 

Bit 62. s, of octlet 7 indicates whether the device has successfully completed reset, 
clear, or self-test. 

octlet 63 62 61 0 

7 1 c | s | other device status not specified by Cerberus I 



Octlets at addresses 8..2*M are not specified by Cerberus. Refer to the 
designated architecture specification for information. 

Gateways 

The Cerberus bus may be extended into a network of buses using a gateway. 
Gateways connect between buses that use the wired-and signalling protocol 
described above. A gateway attaches to a local Cerberus bus and receives and 
retransmits bus requests and responses over a linkage to other gateways, thereby 
reaching to additional Cerberus buses. This document does not specify the 
protocol used to link gateways. 

The diagram below shows a gateway network connecting several Cerberus buses. 



Gateway Network 




Gateway Network 
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Each Cerberus bus m a Cerberus network may. for specification purposes be 
assigned a unique network number, in the range 0..216-1. These network numbers 
never appear directly m Cerberus device addresses, as the target network bvte 
speeded I in the request packet of a Cerberus transaction contains onlv a relative 
net number: the target net either minus, or xor'ed with, the initiator net. Thus, the 
relative target network address is always Z ero when the initiator and the target are 
buses S3me mS ' and is aKvavs non -"ro when they are on different 

A Cerberus bus permits only one transaction to occur at a time. However, a 
Cerberus network may have multiple simultaneous transactions, so long as the 

^ l nd AA ni!it0t nCtWOrk ? dd L CSSe ? arC 311 disi0int - In more P reci « t«n»- 
network addresses must satisfy the relations: 

target; s initiator; 
target; ~ targetj 
initiator; * initatoq, for all i * j. 

A Cerberus network may set more restrictive conditions for simultaneous 
transactions by its internal design, as required by limits of performance or 
bandwidth of the gateway network. When these conditions are not satisfied one 
or more transactions may be selected to be aborted on the local Cerberus bus on 
which they are initiated by any fair-scheduling mechanism. 

Each local Cerberus bus is connected to the gateway network by exactly one 
gateway When a request packet of a transaction is received by a gateway on a 
local Cerberus bus, the first byte of the packet specifies a net number. If this bvte 
is non-zero, the gateway, which we will designate the initiator gatewav, must carry 
this transaction across the gateway network. This number is interpreted as a 
signed byte, relative to the initiator gateway, and specifies a gatewav to be the 
target of the transaction, which we will designate the target gateway. We will refer 
to the local Cerberus bus to which the initiator gatewav is attached as the initiator 
bus, and the bus to which the target gateway is attacked as the target bus. 

The request packet is carried via the initiator gateway, through the gatewav 
network to the target gateway, which then re-transmits the packet on the target 
bus. When the request packet is re-transmitted on the target bus, the network 
number byte is zero, designating a target on the target bus. The initiator gatewav 
may delay transmission of the request packet on the initiator bus as required to 
limit or manage the flow of information through the gateway network, between 
each byte of the request packet. The initiator gateway must also delay 
transmission at the end of the last byte of the request packet in order to ensure 
that packet aborts on the target bus are propagated back to the initiator bus. The 
initiator gateway must also ensure that a target device which responds just barely 
within the time-out limit on the target bus does not cause a time-out on the 
initiator bus, generally by asserting a delay on the initiator bus until this condition 
can be assured. 

When a response packet is generated on the target bus (which may be from either 
the addressed target or some time-out generator), the packet is carried in the 
reverse direction by the gateway network. This response and any further packets 
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are carried until the end of the transaction. The contents of the response and 
further packets are not changed by the gateway network. 

When a local Cerberus bus reset is received by a gateway, the reset is carried by 
the gateway network and each other gateway thence -transmits a reset transaction 
on all other local buses. 

Reoeater 

A Cerberus bus may be extended by inserting repeaters. A repeater electrically 
separates two segments of a Cerberus bus, but provides a transparent linkage 
between these two segments. Using a repeater is advantageous when the 
capacitive load or clock skew between Cerberus devices on a large bus would 
require a reduction in the clock rate. The system designer must ensure that device 
addresses remain unique across what is logically a single serial bus. 





Repeater 




i 

SC 




T J 

V 

ss 

SD SC 




SD 








f ' m l 










Repeater 







Generally, a repeater will repeat each request packet seen on one side of the 
repeater on the other side, with a delay of at least one clock cycle. If two 
transactions appear nearly simultaneously on each side of the repeater, the 
repeater must abort one of the transactions and permit the other to be repeated. 
This arbitration must be performed fairly, such as by alternating which side of the 
repeater is preferred on consecutive collisions. 

A simple repeater continues until the end of the transaction by repeating the 
response packets, which may appear on the same or opposite side as the original 
request packet of the transaction. 

If the topology of the Cerberus is constructed so that only target devices exist on 
one side of the repeater, the design may be simplified by the elimination of the 
arbitration function. In such a case, transactions may only originate from the side 
designated to contain initiator-capable devices. 

A more sophisticated repeater may "learn" which addresses are on each side of 
the repeater, and only repeat transactions which need to cross the repeater to be 
completed. Alternatively, a repeater may be constructed with knowledge of the 
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addresses to be placed on each side, such as addresses 0..127 on one side and 
addresses 128..255 on the other, again permitting the selective repeating of 
packets across the repeater. 

Synchronous Repeater 

A very simple form of repeater may be employed to divide up the capacitive and 
leakage load on the SD signal of a Cerberus bus into two or more segments, when 
a common SC clock reference is used. 



SD t -* 


Synchronous 
Repeater 




SD 2 -* ► 


SD n ^ ^ 

SC 




ss 

Synchronous repeater 
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The synchronous repeater samples each electrically-isolated segmen: of a 
logically-single Cerberus bus on the falling edge of each SC clock cvcle. then 
broadcasts the logical AND of all the values on each segment during the SC clock 
low period. 




For large networks, this repeater improves performance by dividing up the RC 
delay by a factor of n, though two bus settling periods now occur on each SC clock 

period, so the speedup is approximately j. 
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This circuit can be economically implemented using a single TTL '621 part and a 
pull-up resistor: 



sc. 



SD. 
SD, 

sd! 

SDj 
SD^ 
SD- 

sd' 



8 



'621 



GBA 
GAB 




500 Q 





h r 




A 1 B, 
A 2 B 2 

A 3 B 3 
A 4 B 4 

A 5 B 5 

A 6 B 6 
A 7 B 7 

A 8 B 8 



































Eight-port synchronous repeater 
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Icarus interorocessor Profonnl 

MicroUnity's Icarus interprocessor protocol uses Hermes high-bandwidth 
channels to connect Terpsichore processors together, either directly or through 
external switching components, permitting the construction of shared-memorv. 
coherently- or incoherently- cached multiprocessors. Icarus uses Hermes in the 
"Dual-Master Pair" configuration, and can be extended for use in "Multiple- 
Master Ring" configurations. 

Internal daemons within Terpsichore perform and respond to Hermes write 
operations upon which the Icarus interprocessor communication protocol is 
embedded. These daemons provide tor the generation of memorv references to 
remote processors, for access to Terpsichore's local phvstcal memorv space, and 
tor the transport of remote references to other remote processors. 

Interprocessor Topologies 

The simplest multiprocessor configuration that can be built with the Icarus 
protocols is a dual-processor: 




The diagram below represents the same dual-processor system, in a simpler 
notation: 









Dual-processor Terpsichore with Icarus interorocessor link 



In the configuration above, a pair of Hermes channels are connected together to 
form an Icarus Interprocessor link in the Dual-Master Pair configuration. A 
Cerberus bus connects all the system components together to facilitate system 
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configuration. The Terpsichore processors all run off of a common frequency 
clock, as required by the Hermes channels that connect between processors. 

Dual Terpsichore processors with dual Icarus links may use both links to enhance 
svstem bandwidth: 





T 




T 




Dual-processor Terosichore with Icarus interprocessor link 



A Terpsichore processor's dual Icarus links, each in the Dual-Master Pair 
configuration may connect to two different processors. Using the Icarus 
Transponder daemons in each processor, several processors may be 
interconnected into a linear network of arbitrary size: 
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Four-processor Terpsichore with Icarus interprocessor links 



The Icarus links may also join at the ends of the linear network, forming a ring or 
arbitrary size. 















T 




T 




1 




v 




T 




T 




Four-processor Terosichore 


with Icarus interorocessor links 



In the configuration above, two Icarus links are connected to each Terpsichore 
processor, forming a single ring. 
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By connecting Icarus links into 4-master rings, providing Hermes master 
forwarding for responses using the Icarus Transponder daemons in each 
processor, processors may be interconnected into a two-dimensional network of 
arbitrary size: 




Sixteen-processor Terpsichore with Icarus intemrnressnr links 



In the configuration above, two Icarus links are connected to each Terpsichore 
processor, forming a single ring. 

Other multidimensional topologies can be constructed bv using multimaster rings 
as basic budding blocks An n-master ring (n<4) of Terpsichore processors has n 
Icarus link-pairs available for connection into dual-master or multi-master 
configurations. For example, with a 4-masrer ring: 
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These building blocks can then be assembled into radix-n switching networks: 

By connecting Icarus links to external switching devices, multiprocessors with a 
large number or processors can be constructed with an arbitrary interconnection 
topology: ' 




Eight-proce ssor Terpsichore with Icarus links to switching fabric 



In the configuration above, two Icarus (inks connect each Terpsichore processor 
to a switching fabric consisting of Hydra switches. 

Link-level and Transaction-level Protocol 

Icarus uses the Hermes protocol at the link-level, and uses Hermes operations to 
embed a transaction -level protocol. 

Two-packet link-action nomenclature 

We designate the term "link-action" to describe the low-level packet protocol used 
between a Hermes master device and a Hermes slave device. The packets that 
make up a link-action contain a three-bit link-action identifier, or "lid," which 
permit up to eight outstanding link-actions to be in progress at any point in time. 

Link-actions consist of two actions. Each packet transmitted on the Hermes ring 
corresponds to an action: 



Request 
Resoonse 



i the action taken by a requester to start the transaction 



| the action taken by the responder to finish the transaction. 



Link-action nomenclature 
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These actions and their relation co the data flow is shown below: 





Requester 




Responder 




! 
1 

1 

! 




^ — — -^2£Quest 






i 

i 




Response^ 








Link-action actions and data flow 







Four-ORC ket transition nomRnnto ti tm 



We designature the term "transaction" to describe the upper-level packet 
protocol used when embedding a four-packet, or "split" transaction above the 
link-level Hermes packet protocol. 

Transactions are used when the latency of a transaction may require that more 
than eight actions are outstanding at a point in time, in order to maintain the 
desired throughput of the protocol. Embedding the transaction protocol above the 
link-action protocol limits the amount of link-level state which must be 
implemented. 

Certain of the packets that make up a transaction contain an eight-bit transaction 
identifier, or "tid," which permit up to 256 outstanding transactions to be in 
progress at any point in time. These packets also contain link-action identifiers, 
lids, which connect these packets with others which are part of the transaction, 
but do not contain a tid. 



Transactions consist of four actions. Each action results in one or more link-level 
Hermes packets transmitted on the channels: 



Request 


! the action taken by a requester to start the transaction 


Indication 


! the reception of a request by a responder. 


Response 


! the action taken by the responder to finish the transaction 


Confirmation 


; the reception of the response by the requester. 




Transaction nomenclature 
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These actions and their relation to the data flow is shown below: 



! 


Requester 




Responder 








■ — ^5®Quest 






1 




\ndjcation „ " 






i 

1 
i 




Response^. 






1 

i 
i 

i 

! 










1 


Transaction actions and data flow 







following table shows the relationship between transaction-level actions and 
;vel actions, showing typical transaction messages and link-action commands: 



Transaction- 
level action 


Typical transaction 
message 


Link-level 
actions 


Link-action command 


Request 


read/write-sizelet- 
request 


Request ; write-octlet 

! 


Indication 


Remote-indication 


Response ; write-resoonse 


Response 


read/write-sizelet- 
response 


Request 


write-octlet 


Confirmation 


Remote-confirmation I Response i write-response 



ransaction protocol for Icarus Requester Daemon 
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Icarus Action Format 

Request and Response actions 

A series of link-level write octler operations comprise an Icarus request or 
response action. The address of the write operation contains target routing, 
transaction-id, commands and sequence information in the following format: 

A remote request is a write octlet to an address of the form: 

3J 16 15 8 7 Q 

| node | tid | com | 

16 8 6 

with data of the form: 

S2 , o 

| octlet | 

The tid Held contains an 8-bit transaction id code which must be returned along 
with the remote response. The tid field value must be unique among all 
transactions originating from a node, but tid field values of transactions orieinating 
from distinct nodes may be equal. 

The com field contains a 6-bit command code which, in the first octlet, designates 
the operation to be performed in a request action or the result returned in a 
response action. If the command code is in the range 0..31, in successive octlers, 
the value of the com field indicates whether the number of octlets to follow (0..9). 
such that the last octler of a message contains a com field with a 0 value. 

The node field contains a 16-bit node address which is the target of the action. 
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When embedded into a link-level write octlet operation, the Terpsichore 
requester daemon request appears on the Hermes in the form: 

7 0 



ma 



lid 



com 
tid 



"Qde 7 ,.o 
nodeis.. a 

OCtlet 6 3..56 

octlet 55 ..4a 

OCtlet 4 7..4Q 
OCtlet 3 9-32 
OCtlet 3 l„24 

octlet 23 ..i6 
octlet 15 ..a 
octlet 7 .. 0 
check 

a - 



A transaction which has a payload of one octlet must use a link-level write octlet 
operation. A Transaction which has a payload of greater than one octlet mav 
successively use link-level write octlet operations to transmit the payload. 

Indication and Confirmation action^ 

Indication and Confirmation actions consist of a series of link-level write octlet 
response packets, one for each ocdet of the Request and Response actions. 

Icarus Requester Daemon 

When Terpsichore attempts a load or store to a physical address in which the 
high-order 16 bits are non-zero, the memory at that address is assumed to be 
present in the memory space of a remote Terpsichore processor. The Icarus 
Requester Daemon is an autonomous unit which attempts to satisfy such remote 
memory references by communicating with an external device, either another 
Terpsichore processor or a switching device which eventually reaches another 
Terpsichore processor. 

These remote references are characterized by an eight-byte physical bvte 
address, of which two bytes are used for specifying a processor node, and the 
remaining six bytes are used for specifying a local physical address on that 
processor node. 
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The Icarus Requester Daemon associates each remote memory reference with a 
transaction identifier 38 of eight bits, permitting up to 256 such remote references 
to be outstanding at any time: however, implementation limits within Terosichore 
may set a smaller bound. 

The Icarus Requester Daemon takes the role of the Transaction Requester, and 
an external device takes the role of the Transaction Responder. The daemon 
generates writes to a specified byte-channel and module address, which causes an 
external device to read or write remote octlets or cache lines in a remote memorv. 
lne daemon may have as many as two 59 link-level write requests outstanding at 
any point in time. 

Terpsichore contains two such requester daemons which act concurrently to two 
different byte-channel and/or module addresses. 

Icarus Responder Daemon 

The Icarus Responder Daemon accepts writes from a specified byte-channel and 
module address, which enable an external device to generate transaction requests 
to read or write octlets or cache lines in the Terpsichore's local memory, or to 
generate Terpsichore events. The daemon also generates link-level writes to the 
same external device to communicate the responses to these transaction requests 
back to the external device. 

Terpsichore contains two such responder daemons which act concurrently to two 
different byte-channel and/or module addresses. 

An external device takes the role of the Transaction Requester, and the Icarus 
Responder takes the role of the Transaction Responder. 

Icarus Transponder Daemon 

The Icarus Transponder Daemon accepts writes from a specified Hermes 
channel and module address, which enable an external device to cause an Icarus 
Requester Daemon to generate a request on another Hermes channel and module 
address. 

Terpsichore contains two such transponder daemons which act concurrently 
(back-to-back) between two different byte-channel and/or module addresses. 



58 The term "sequence number" is avoided here, because the transaction-tags are noc necessarily 
sequential in nature. 

59 The number of link-level requests to be outstanding is still under study. 
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Icarus Reoi test 



The rollovving table summarizes ;he commands used tor Icarus requests and 
responses (response command shown in bold): request ana 



ccce 




payioaa 
(octleis) 


\j 


ictsi uciiei oi muii!-oc;:e" cemmana 




1..9 


uoniiiiuai.on ouiiei cr .^uiti-ocUe! command 




10.19 






20 


leau inconereni srrcne cacne-line 


1 


21 


reaa/aaa/swap octlet response 


1 


22 


reaa inconereni weak cacne-line 


1 


23 


write response 


1 


?d 

j 


reac allocate strona ccti^t 
reaa noailocate strcne eerier 


1 

1 


C 

O 7 
C ( 


read allocate weaK cc::e: 
read noailocate weaK ~c:;et 


1 
1 


OQ 


read allocate strona nexiet 


1 




read noailocate strcne nexiet 


1 i 


70 
Ol 


read allocate weak nexiet 


1 


7 1 


read noailocate weak nexiet 


1 


to 


read hexlet response 


2 


**** 


read incoherent cache-line response 


8 




read coherent cache-line response 


9 










read coherent strona cacne-line 


2 


7W 


Reserved 




7Q 


read coherent weak cache-line 


2 




neservea 






write coherent strona cache-line 


10 




write incoherent strona cache-line 


9 


54 


write coherent weak cache-line 


10 




write inconerent weak cache-line 


9 


56 


write allocate strona octlet 


2 


57 


write noailocate strong octlet 


2 


58 


write allocate weak ociiet 


2 I 


59 


write noailocate weak octlet 


2 


60 


write allocate strona nexiet 


3 


61 


write noailocate strona hexlet 


3 


62 


write allocate weak hexlet 


3 


63 


write noailocate weak hexlet 


3 


64 


add-and-swap allocate stronq octlet little-endian 


2 ! 


65 


ado-and-swaD noalloca:s sirong octlet little-endian " 


2 


66 


add-and-swao allocate weak octlet little-endian 


2 


67 


aaa-ana-swap noanoca-e weaK octlet nttle-enaian 


2 
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63.79 


Reserved 




30 


aad-and-svvaD auccats s: r cr.a ocne: oia-enaian 


2 


31 


add-and-swao ncailcca-e stroma cctie: biq-endian 


2 


32 


add-and-swap allocate v.esK eerier c:o-enaian 


2 


63 


add-and-swao noaricca-e //eak ociiet oig-endian 


2 


34 


comoare-and-swac allocate srrcna octlet 


3 


S5 


comDare-and-swao noa; locate strono octlet 


3 


86 


compare-and-swao a::cca:e weak octlet 


3 


87 


comoare-and-swac reallocate weak octlet 


3 


38 


muitiolex-and-swao allocate strona octlet 


3 


89 




3 


90 


multipiex-and-swao allocate weak octlet 


3 


91 


multiplex-and-swao noallocate weak octiet 


3 


92 


multiDlex allocate strcno octlet 


3 


93 


multiplex noallocate srrcna octlet 


3 


94 


multiplex allocate wssk octlet 


3 


95 


multiplex noallocate v.-ea.K octlet 


3 


96-255 


reserved 





Icarus Recuest commanas 

A remote {add.svvap.or.andt oale: request is data of the form: 

63 _ o 

1 address 1 

1 bytes 0..7 ) 

64 

A remote read incoherent (strong.weaki cache-line request is data of the form: 

63 o 

I address | 

64 

A remote read coherent {strong,weakl cache-line request is data of the form: 
63 0 



address 



coherence tag 

- 64 
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A remote write incoherent coche-line rej/jei: is data of the form: 

63 

address 

bytes 0..7 

• bytes 8..15 

bytes 16..23 

bytes 24.,31 

bytes 32.. 39 

bytes 40.. 47 

i „ bytes 48..S5 

B bytes 56,. 63 

A remote write coherent cache-line request is data of the form: 



address 

coherence tag 

bytes 0..7 

bytes 8.. 15 _____ 

bytes 16..23 

bytes 24..31 
bytes 32..39 

_____ bytes 40..47 

, m bytes 48.. 55 

bytes S6..63 

A remote read {allocate.noallocatel (szroneAveaki octlet request is data of the 
form: 

U . . o 

I address | 

^ ^ ____( 

A remote write lallocate.noallocatel fscrong.weak} octlet request is data of the 
form: 

63 o 

address 

bytes 0..7 

64 



374 



Case 2:05-cv-005G5-TJW Document 1 49 Fifed 1 0/1 5/2007 Page 1 8 of 40 

WO 97/07450 PCTVUS96/13047 



A remote read Ullocaie.noallocate! (srrong.weakl hexlei request is data of the 
torm: 

63 c 

I address """" I 

A remote write lallocaie.noallocate! Utror.g.weakl hexiet request is data of the 
torm: 

53 C 

address 

bytes 0..7 

bytes 8..15 



Icarus Indication 

An Icarus Indication consists of a link-level write- response packet tor each link- 
level write issued as an Icarus Request. Each link-level wnte-response packet 
contains the lid value of the link-level write-request packet. This serves both the 
ink-level purpose of issuing a response and the ability to receive additional link- 
level requests and a transaction-level indication of receipt of the request and the 
ability to receive additional transaction level requests. 

Icarus Response 



Icarus Responses consist of a series ol one or more link-level write-octlet 
operations. The low-order bits of the addresses of the write operations contain 
commands and tid information, and the data is the contents read from memory 



The octlet scream contains transaction-level responses from the Terpsichore 
Responder daemon, which are summarized in the table below: 



com 


command 


payload 
(octlets) 


0 


termination 




1..9 


continuation 




10..22 


Reserved 




23 


write response ~ 


1 


24.. 31 


Reserved 




32 


read/add/swap octlet response 


2 


33 


read hexiet response 


3 


34 


read incoherent cache-line response 


9 


35 


read coherent cache-line response 


10 


7-255 


reserved 





Icarus Response codes 
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The com field contains an S-bit message command, as given in che cable 
previously. 

The tid held contains che S-bic transaction id code used in che request message. 
The node field contains the 16-bit processor number used in the request message. 
A remote !read.add,$wapi octler response is data of the forr 



rm: 

53 

I bvtes o3 



A remote read hexiet response is data of the form: 
63 



bytes 0..7 



bytes 8..15 



A remote read incoherent cache-line response is data of the form: 
63 



bytes 0..7 



bytes 8..15 



bytes 1 6.-23 



bytes 24..31 



bytes 32..39 



bytes 40..47 



bytes 48..S5 



bytes S6..63 



64 

A remote write response is data of the form: 
63 



64 



0 

Z3 
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remote read coherent cache-line response is data of the to 



coherence tag 
bytes 0..7 
bytes 8..15 
bytes 16..23 
bytes 24..3T" 
bytes 32.T39~ 
bytes 40.T47" 
bytes 48..S5 
bytes 56.. 63 



A remote write coherent cache-line response is data of the form: 
63 

I coherence tag 



Icarus Confirmation 

An Icarus Confirmation consists of a link-level write-response packet for each 
link-level write issued as an Icarus Response. Each link-level write-response 
packet contains the lid value of the link-level write-request packet. This serves 
both the link-level purpose of issuing a response and indicating the abilitv to 
receive additional link-level requests and a transaction-level confirmation of 
receipt ot the response and the ability to receive additional transaction-level 
requests. 

Deadlock 



The Icarus Requester, Responder. and Transponder daemons must act 
cooperatively to avoid deadlock that may arise due to an imbalance of requests in 
the system which prevent responses from being routed to their destination. 

The requirements vary depending upon the characteristics of the system 
configuration, and the mechanisms for deadlock avoidance are still under study. 

Principal mechanisms to employ are cycle-free-routing of requests, and the means 
to prioritize responses above requests in forwarding priority. 

Error handling 

The link-level packets contain a check byte which is designed to detect single-bit 
transmisstion errors in the Hermes channel. 
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When either party in an Icarus transaction receives a packet with a check error, it 
immediately shuts down input processing to avoid encountering further errors as 
may arise trom errors which disrupt the parsing of packets, h also generates an 
error packet, which ensures that the other party is notified of the error. 

The target of an Icarus transaction must maintain a copv of the link-level address 
ot the most recent correctly received link-level write operation in a Cerberus 
re g! ster. Terpsichore then will clear the error using the Cerberus channel 
resetting the Hermes input processing. Each party then re-issues anv outstanding 
link-level transactions. ° 

The contents of the address field in the link-level protocol is used to ensure that 
the error handling mechanism does not result in missing or repeated operations. 
This is important, because unlike the link-level protocol, the transaction-level 
protocol contains non-idempotent operations. 
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AQoendices 

Fixed -point Applications 

? : nrj Mcst-Sianifinfiinr Crh 

The following example performs a "find most-sianificant one" operation on 
general register ra. placing the result in general register rb. 
E.ALMS rb.ra 

^ : rd Lss Shsignncant One* 

The following example performs a "find least-significant one" operation on seneral 
register ra. placing the result in general register rb. 

E.ADDl rb.ra -i 

E.ANDN rb. rb.ra 

E.ALMS rb.rb 

Fioatino-ooint ApoJicatiQns 

The following example demonstrates the inner loop of the Unpack benchmark. 
This section is under construction. 

Digital Sig nal Processing Applications 

This section is under construction. 

Image Processing Applications 

The following examples demonstrate several applications, listed below in summary 
form with the performance estimated. The estimates assume single-cvcle loads 
and stores, that is, they do not account for losses due to cache misses. However, 
the memory reference patterns are very uniform, and with prefetching, thev could 
be kept invisible. 
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pixels per 
cvcle 




0.8 


3x3 Filtering of Color Imaae 


0.2 


Conversion of Mcnocnrome lrr,=ae ?c Color 


2.0 




1.0 


D-comi Horizontal Decimation of .Monccnrome Imaae 


0.9 


3-pomt Vertical Decimation of Mcncchrome Imaae 


1.3 


3x3 Decimation of Monochrome Imaae — 


0.5 


o-pcint Horizontal Decimation of Co or Imaae 


0.2 


o-comt Vertical. Decimation of Coicr Imaae" 


0.3 


3x3 Decimation of Color Imaae 


0.12 



Hterro of Mononhromp r-gcg 



^^ll°Xv andS *, i kS in - S ! 2S ' ^ lch Implies 16 P ixels in * he ^* 3 pixels in 
an occlec. \\ e use a 3x3 linear hire:. The coefficients are: 

f kOO kOL k02 ' 
< klO kll kl2 
.k20 k21 k22 j 



No special handling on array boundaries are shown here, as it should have little 
etiect on performance. A C version of the code is given below: 

void MonochromeFiiter(int8 *src. inr8 'as;, in: row. int pcount 
int8 kOO. in t8 k01. int8 k02. 
int8 klO. int8 kll. int8 k12. 
>nt8 k20. intS k21. int8 k22) ! 
for (i=0: i!=pcouni; ( 

cJst[i] = (src[i-row-1] w k00 * srcfi-rcw)*k0l + srcfi-row- 1]'k02 + 
src[i-1]-kl0 + src[i]"kl1 + srci>1]'k12 + 
src[i+row.1]-k20 + src[i+row]*k21 + srqi+row+1 J'k22)»8 



Vie now examine the assembler coding of the inner loop. Because there are eight 
pixels in an octlet, the input size of the multiplier, this loop filters eight pixels at 
once. The coefficients are placed in 9 registers symbolically named k00T.k22 with a 
copy oi coefficient in each byte of the register. We assume that the coefficients 
are scaled so that sum of products do not overflow a 16-bit integer accumulation 
specifically, the sum of the absolute values of the coefficients <= 256 The row size 
is in the register symbolically named row. Registers 8,9,and 10 contain arrav 
pointers. 



A.SUB 
L.64 

G.MUL.8 
L.64 

G.MULADD.8 
L.64 

G.MULADD.8 



r2.r8.row 

r3.-1(r2) 

r4,r3.k00 

r3.0(r2) 

r4.r3.k0l.r4 

f3.1(r2) 

r4.r3.k02.r4 
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L.c4 r3.-H'S) 

G.MULADD.S rJ.rS.^O.rJ 

L.c-l r3. jk3) 

G MULADD.8 ■ r4.r3.<i i.r4 

L-64 r3.1(.'Sl 

G MULADD.3 r4.r3.k:2 :4 

A .ADD r2.r3.rcv/ 

L54 r3.-1(r2) 

G MULADD 2 r4.r3.k20.r4 
r3.0(r2) 

G MULADD. 3 r4.r3.k2l.r4 

L-64 r3.1(r2) 

G MULADD.3 r4.r3.k22 :4 
G. COMPRESS. 16 ri.f4.3 

S 64 r4.0(r9} 

A. ADD rS.3 

A.ADD r9.8 

BNE rB.rl0.1b 

W'ith some obvious reordering of the address computation instructions, this can 
run in 10 cycles, assuming single-cycle latency for G. MULADD. Loop unrolline 
can be used to handle greater latency. The inner loop is 10 cvcles per eight pixels^, 
or 0.8 pixels, cycle. Counting each multiply as S operations and each multiplv and 
add as 16 operations, we are running a: 8+8*16=136 operations/loop'/ 10 
cycles/loop =13.6 operations/cycle. 

Note that our design actually loads each pixel nine times, which is making good 
use ol excess load bandwidth and data caching. 

Filtering of Color !magg 

For a color image, we assume that the image is made up of pixels each 32 bits in 
size, 8 bits tor each of red, green, blue, and alpha. We treat each component 
identically so the same algorithm is used, but the offsets change slightlv A C 
version ot the code is: w * 

void CoicrFilter(int8 'src. int8 *dst. mi row. int pcount ' 
mt8 kOO. intB k01. int8 k02. 
intB klO. int6 kll. int8 k12. 
intB k20. int8 k2l. int8 k22) ( 
for (i=0; i!=4"pcount: | 

dst[i] = (src(i-row-4]*k00 * src[i-rowpk0l + src[i-row+4]'k02 + 
src[i-4]'k10 + src[i]'k11 + src[i+4)*k12 + 
^ src[i+row-4]-k20 + src[Urow]'k21 + src[i+row+4]-k22)>>8: 

I 

The assembler coding of the inner loop is: 

1: A.SUB r2.r8.row 

L.64 r3.-4(r2) 

G.MUL.8 r4.r3.k00 

L.64 r3.0(r2) 

G. MULADD.8 r4.r3.k0l.r4 

L.64 r3.4(r2) 

G. MULADD. 8 r4.r3.k02.r4 

L.64 r3.-4(r8) 
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G MULADD.3 ri.r3.klC.r4 
:3.0(r5) 

G.MULADD.8 ri.r3.kr.r4 
G.MULADD.8 rJ.r3.k-2.r4 



-DD r2. 



a 



L.54 r3..i(r2) 

G MULADD.3 r4.r3.k20.r4 

L-8d r3.Cir2) 

G.MULADD 8 r4.r3.k2l .r4 

L -W r3.4(r2) 

G.MULADD.8 r4 r3 k22 r4 
G. COMPRESS. 123 r4.r4.3 

S.64 r4.0fr3) 

A.ADD r3 8* 

A. ADD r9.8. 

B -NE r8.rl0.1b 

This uses the same algorithm as for the color image above. Operations are 
pertormed at the same rate but since a pixel is represented bv 32 bits, the pixel 
rate s tour times slower. The inner loop runs at 10 cvcles per 2 pixels or 0 ? 
pixels/ cycle. 

Conversion of Mnnn chrorrv* +Q. QqIqt 

To convert a monochrome image to a color image, we must triplicate each 
monochrome pixel level into levels for red. green, and blue. The alpha level might 
be set to a constant level of 255. or merged in from a separate array 

void MonochromeToColor(int8 'src. int8 'dst int pcount) ( 

int i: 

for (i=0: i!=pcount: ( 
dst[i) = src[i]: 
dst[4'i+1] = src[i]; 
dst(4-,+2]= src[i]: 
dst[4-i+3] = 255: 

I 

I 

Which results in the following inner loop (addressing operations and loop 
overhead omitted - they do not influence the operation count): 

1: 1.64. B r4.0(r8) 

G. SHUFFLE. 16 r2 r4 r4 

r8 r4 - r5 #r5 conlai "s - 1 

G.SHUFFLE.8 r6,r2.r8 

G.SHUFFLE.8 r8.r3.r9 

S.128.B r6.0(r9) 

S128.B r8.16(r9) 

A.ADD r8.8 

A.ADD r9.32 

BNE r8.rl0.1b 
The above sequence is 4 cycles per 8 pixels, or 2.0 pixels/cycle, 
void MonochromeWi!hAlphaToColor(int8 'src. mt8 'alpha. mt8 'dst. mi pcount) | 
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= Z\ isocount: 1+-5.) j 
OSlU] = srciij. 
cs?[4 % i*i] = srcfi]: 
cs;[-:-^2]= sfcfij: 
cs;[4-i^3j = alpnafil: 



Which results in the following inner looo: 



L.64.B 
L.64.8 

G. SHUFFLE. 16 

G. SHUFFLE. 16 

G SHUFFLE 3 

G. SHUFFLE. 3 

S.12S.B 

S 128. B 

A ADD- 

A.ADD 

A.ADD 

B NE 



f4.0(r8) 

r5.0fr9) 

r2.r4.r4 

r3.r4.r5 

r6.r2.r8 

r8.r3.r9 

r6.0(r10) 

r8.16(rlO) 

r8.8 

r9.8 

rlO. 32 

r3.r11.lb 



The above sequence is 4 cycles per 8 pixels, or 2.0 pixels/cycle. 
Conversio n of Color to Monnr^mm* 

To convert a color image to a monochrome image, a weighted sum of the red 
green and blue components is generated. These weights. kO. kl, and k2, are 
selected so that k0 + kl+k2 = 256, so overflow does not occur. The resulting 
weighted sum is truncated, rather than rounded, again, to avoid the possibility of 
overflow. ~ 

void CoIorToMonochrome(int8 "src. int8 'tis:, int pcount. int8 kO. int8 k! int8 k2) I 
int i; ' 1 

fcr (i=0. i!=pcount: | 

^ dstfi] = (src[4*i)*k0 + src[4'i*l]'ki + src[4'i+2rk2)»8. 



Which results in the following inner loop: 



L.128.B 

G. DEAL. 16 

L.128.B 

G. DEAL. 16 

G.DEAL.8 

G. DEAL. 8 

G.MUL.8 

G.MULADD.8 

G.MULADD.8 

G. COMPRESS. 16 

S.64 

A.ADD 

A. ADD 

B. NE 



r2.0(r8) 

r2.r2.r3 

r4.16(r8) 

r6,r4,r5 

r2.r2.r6 

r4.r3.r7 

r6.r2.k0 

r6 t r3.k1.r6 

r6.r4.k2.r6 

r6.r6.8 

r6.0(r9) 

r8.32 

r9.8 

r8.r10.1b 



#k0k1...k0k1k200...k200 

#k0k1...k0k1k200...k200 

#k0kO...k0k0k1k1...k1k1 

#k2k2...k2k20000...000O 



#toss away low precision 



The above sequence is 8 cycles and writes 8 pixels, or 1.0 pixels/cycle. 
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The code below performs the same action but aUr, .u i l i 

second destination array. 50 SaVCS the ^ value mto a 

void ColorToMonochrome(intB 'src. mtB 'dst. int8 'alpha ,nt pcount 
intS kO. int8 kl. int8 k2) | pcount. 

inti: 

for (i=0. i!=pcount: i++) [ 



Which results in the following inner loop: 



1.128 

G.DEAL.16 

L.128 

G.DEAL1B 

G.DEAL.8 

G.DEAL8 

S.64 

G.MUL.8 

G.MULADD-8 

G.MULADD.8 

G.COMPRESS.16 

S.64 

A.ADD 

A. AOD 
AADD 

B. NE 



r2.0(r8) 

r2.r2.r3 

r4.16(r8) 

r6.r4.r5 

r2.r2.r6 

r4.r3.f7 

r5.0(r10) 

r6.r2.k0 

r6.r3.kl.r6 

r6.r4.k2.r6 

r6.r6.8 

r6.0(r9) 

r8.32 

r9.8 

no.e 

r8.r10.lb 



#k0k1...k0k1k2Q0...k200 

#k0k1 ...k0k1k200...k200 

#k0k0...k0k0k1k1...k1k1 

#k2k2...k2k2000O...000O 



#toss away low precision 



The above sequence is 8 cycles and writes 8 pixels, or 1.0 pixels/cycle 



384 



Case 2:05-cv-00505-TJW Document 149 Filed 10/15/2007 Page 28 of 40 

WO 97/07450 PCT/US96/13047 



; ^aae W^rrvnn 

Image warping is the general process of selectively stretching and shrinking an 
•mage to make it appear to ht into a new shape, such as stretched around a 
sphere, or drawn on a surface that is tilted with respect to the v££ ? surface \ 
prmctpa data structure used to generate such an effect is a « of decimated 
cop.es of the image, as shown in the diagram below. These are of par icula a ke 

^ C r a h S a li merPOl f, tl0n 0t ClCmCmS ° f these c °Pi« pro3uc P es a properly 
anuahased spaually-warped .mage. Note that the total size of this structure is 

tt'im^H X f ° Ur r CS ,a u rger J han the 0ri ^ nal ima 8 e ' Ea <* subarr v a copy o 
tVT^L Kd u eU i e i the X ° r y directIon ' or both - The images get smaller 
and smaller going right and down in the array, until the image reaches aS*Tdo t 

statute ima8C " ^ SqU3re ° r h3Ve S12CS thaC are P™™ «rf otitis 



Original 
Image 

1:1 



1:2 



1:4 



2:1 



2:2 



2:4 




4:1 



8:1 



4:2 



4:4 



8:2 



8:4 



Image subarray packing for image warping 



In the sections below, we explore two parts of the problem, the creation of the 
array containing this decimated image, and the antialiased selection of items in the 
table. These are the parts of the process which must be performed in real time for 
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real-time application of this process, the creation «f r h* . 

be precomputed. and are a function of the rendering stemS ^ 



direction oniv. The former generates all X hi' \ d \ cim ™§ <" the vertical 
image, and the latter venerates the Iv u ^ C -° the nght ot che ori ^i 
This divides the oroblem fnto » g u° Cks tl0m those in the »p row. 

'•vhtch IS a great C be au se one-dimensional filtering, 

wuh the size of the " iter funct on , ? u °* con \P utat '°" V™* onlv lineariv 
dimens.onal filtering ' tMher tha " Suadnmcally. when 



using two- 



Reeled ^ US 7 5 ^ fi «- 

selected so that lcQ + kl+lc2+k3*k4 - 25r f^er These weights. k0..k4, are 

lighted sum is truncated I nTwTh/n r T? W does ™ occur. The resultma 
overflow ' " lher than rounded - a gam. to avoid the possibility of 

vsio HcrizontalDecmationMonochrcmsi.nto ■«-- mt ft 

• mt jnt8 kO. mte k i . int8 k2. int8 k3. Wk4) { $r ° W ^ drC "" ' m PCOuf1t ' 

fcr <k=0.i=0. k!=pcount; ) | 
'or (j=0; i!=drow: ( 

dst[k+ + ] = (src[,-2]-k0 ♦ srcMJ'kl + srcfi]-k2 * 
i+=2 src[i+1J-k3 + src[,* 2 rk4 )» 8 ' ' 

I 

i+=srow-drow-drow. 

I 

Which results in the following inner loop: 

1: L.128 r6.-2(r8) 

G. DEAL. 8 r6.r6 r7 

G.MUL.8 r4.r6.k0 

G.MULADD.8 r4.r7.k1 r4 

L1 28 r6.0(r8)' 

G. DEAL. 8. r6.r6 r7 

G.MULADD.8 r4 r6k2 r4 

G.MULADD.8 r4.r7k3r4 

L. 128 r6.2(r8) 

G.DEAL8 r6.r6.r7 

G.MULADD.8 r4.r6 k4 r4 

G.COMPRESS.16 r4.r4]8 ' 

S.64 r4.0(r9) 

A ADD r8 .i6 

A.ADD r g 3 

BN E r3.no. 1b 
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When decimating in the vertical direction, the rate is even higher still: 

vc.d Vert.calDscirnaticnMcnochrorrcnnt3 '5::. ;nt 9 'dsr. m srow. ,n; drow. m; pcount 
entS kO. ir.18 kl. int8 k2. :r.:S k3. m;3 k4j | ' 



tnt ij.k; 

fcr (k=0.:=o. k'=pcount; ) j 
fcr (;=0 |! = drovv; |+ + ) j 



dSiHw-j = (srci>2*5r:w]-kC - src[i-srow]'k1 + src[i]*k2 r 
src[i*srow]'K3 * src[!-2*srcw] # kJ )>>8; 



I 

i*=3fOvv+srovv-drow: 



Which results in the following inner loop: 

1 A.SUB r2.r8.rcwt2 

L-64 r3.G(r2) 

G.MUL.8 r4.r3.k0 

A.SUB r2.r8.row 
r3.G(r2) 

G.MULADD.3 r4.r3.k1.r4 

L 64 r3.0(r8) 

G.MULADD.8 r4.r3.k2.r4 

A ADD r2.r8.row 

L.64 r3.0(r2) 

G.MULADD.8 r4.r3.k3.r4 

A. ADD r2.r8.rowt2 

L.64 r3.0(r2) 

G.MULADD.8 r4.r3.k4 r4 
G. COMPRESS. 16 r4.r4.8 

S.64 r4.0-8(r9) 

A. ADD r8.8 

A. ADD r9.8 

B. NE r8.M0.1b 



This runs in 6 cycles per 8 pixels, or 1.3 pixels/cvcle. (For 3 pixels wide, the rare is 
4 cycles per 8 pixels, or 2 pixels/cycle.) 

To generate the decimated array shown above, for a n 2 image, n 2 pixels are 
generated in the horizontal direction, and 2n 2 pixels are generated in the vertical 
direction. Using 5 pixel filter functions, this takes: n 2 /0.9 + 2n 2 /1.3 = 
n 2 *(l/0.9+2/1.3) = 2.63*n2 cycles. Thus, a 1024 2 image can be decimated in 2 8 
Mcycles. 

It is also possible to simultaneously decimate in the vertical and horizontal 
direction. WhUe this may be more expensive that separately decimating in each 
direction, it permits the use of filter functions which do not factor into two pans. 
For this example, we assume a 2:1 decimation rate in each direction, and z 3x3 
filter kernel. Real applications of decimation may use larger filter kernels, but this 
size serves to illustrate the techniques used. We assume here that pcount is a 
multiple of drow, and that drow<srow/2.. 

void DecimateMonochrorne(int8 *src. in! 8 *dst. int srow. int drow int pcount 
int8 kOO. int8 kOl. int8 k02. 
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mtS klO. mtS kl 1. mt8 k12. 
int3 K20. mtS k21. int8 K22) ! 
=n: i.j.k: 

for ik=0.:=0. k! account: j { 
fcr (j=0. j!=drow: }++) ( 

dSt[ ^rr f, = i S^^^T? " 3rC ^ srcw )' kGt * src[i-srow + 1]-k02 + 
src|i-ij k10 - =>rc:ij <r : ^ src!ii*1)'k12 - 

^src(i+srow-1]-k20 - srcf.-srcwj^l * src[i+srovv1J'k22)»8: 

I 

»*=2'{srow-drow): 

} 



Assembler code tor inner loop: 

1: A. SUB r2.r3.srov/ 

L123 r6.-1(r2l 

G. DEAL. 3 r6.r6.r7 

G.MUL.3 r4.r6 k00 

G MULADD.8 r4.r7 kOl r4 

L.I 28 r6.1(r2) 

G. DEAL. 3 r6.r6.r7 

G MULADD.8 r4.r6 k02 r4 

L 128 r6.0(r8) 

G.DEAL3 r6.r6.r7 

G MULADD.8 r4.r6 k10 r4 

G. MULADD.8 r4.r7.kn r4 

L.I 28 r6.1(r8) 

G.DEAL8 r6.r6.r7 

G. MULADD.8 r4.r6.k12.r4 

A-ADD r2.r8.srow 

L128 r6.-1(r2) 

G.DEAL8 r6.r6.r7 

G. MULADD.8 r4.r6.k00.r4 

G. MULADD.8 r4,r7 k01 r4 

L-128 r6,1(r2) 

G.DEAL.8 r6.r6.r7 

G. MULADD.8 r4.r6.k02 r4 

G.COMPRESS.16 r4.r4.8 

S.64 r4,0(r9) 

A.ADD r8,16 

AADD r9.8 

BNE r8.r10. lb 



After some reordering of the address calculation instructions, the inner loop is 16 
cycles per 8 pixels, or 0.5 pixels/cycle. Note that for 2:1 decimation in each 
direction, this is 4 times larger when expressed in terms of the input pixel rate- 2 0 
pixels/cycle. 

Because the filter function is an odd-number of pixels wide, 1/4 of the multiply 
bandwidth is effectively unused. For a 5x5 filter function, this would drop to 1/6 
unused, and for an even number of pixels wide, none would be wasted. Compared 
to the two-dimensional filtering case, the multiplier bandwidth is less utilized 
because the index multiplier required the additional DEAL operations to be 
added. 
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DeC!^£>-n qt Color -gcp 

Our first example is the one-dimensional horizontal filter. We use a 5 -point filter 
specined by coeiticients k0..k-l to specify the filter. These weights. kO k4 are 
selected so that k0^kl-k2^k5-k4 = 256. so overflow does not occur. The resulting 
weighted sum is truncated, rather than rounded, aaain. to avoid the possibility of 
overflow. r 

vca HcrizoniaiDecimationColcriinta '$:z n 5 'dst. ;nt sre-.v. int drew m: pecunt 
• mt8 kG. «nt8 kl. int8 k2. ir.:9 k3. :n:5 k4) ( 
mt i.j.k. 

ror (k=j.:=0. k! = pccunt: ) | 
for (j=G; |!=drow; )++) j 

dst[k+-r] = (src[i-8] # k0 + srcfi-al'kl + src[i]*k2 + 
src[i+4]'k3 + src:>3j'k4 )»8: 

dstlk+.j = (src[i-8]'k0 - srcfi-aj-kl + srcfi]*k2 + 
5rc[i*Aj*k3 - src:>3]'k4 )>>8;* 

as:[k++j = (src[i-8]-k0 - src^j-ki + src[i]*k2 + 
src[i+4)'k3 + src[i*3i'k4 )>>3: 

. dst[k++j = (src[i-8)*k0 * srcfi-4]*k1 + src[i]*k2 +• 
src(i+4]*k3 + 5rcf:+3]*k4 )>>8- ' 

i+=5; 

I 

i+s4*{srow+srow-drow-drow); 

I 

Which results in the following inner loop: 

1: L128 r6.-8(r8) 

G.DEAL32 r6.r6.r7 

G.MUL.8 r4.r6.k0 

G. MULADD.8 r4,r7.ki r4 

L.128 r6.0(r8) 

G. DEAL. 32 r6.r6.r7 

G MULADD.8 r4.r6.k2 r4 

G. MULADD.8 r4.r7.k3,r4 

L.128 r6.8(r8) 

G.DEAL.32 r6.r6.r7 

G MULADD.8 r4.r6.k4 r4 
G.COMPRESS.16 r4.r4.8 

S.64 r4.0(r9) 

A. ADD r8.16 

A. ADD r9.8 

B. NE r8.r10.1b 

This inner loop is 9 cycles per 2 pixels, or 0.2 pixels/cvcle, when the filter kernel 
size is 5 pixels wide. (For 3 pixels wide, the rate is 6 cycles per 2 pixels, or 0 3 
pixels/cycle.) 

When decimating in the vertical direction, the rate is even higher still: 

void VerticalDecimationColor(int8 *src. int 8 'dst. int srow. int drow int pcount 
int8 kO. mt8 kl. int8 k2. int8 k3. int8 k4) ( 
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;nr i.j.k: 



'er (k=G.:=G k:=pccunt; ) | 
. for ("j=0. j>B4*arow: \++) • 

dst[k*+] = (src{i-S-srcv.j-kC - srcfi-A-srowj-k: . srcfi]-!(2 * 
srcfi+4'srcwfk3 - src(i+3*3rcw) w k4 >»8." 



' ▼ = 4 '{ src \v -srcw-drov, ) . 



Which results in the following inner loop: 

1 A. SUB r2.rS.ro.vtS 

L-64 r3.0(f2i 

G.MUL.8 r4.r3.KG 

A. SUB r2.rB.rcwtf 
r3.0(r2) 

G.MULADD.8 r4.r3.k1 r4 

L-64 r3.C(r3) 

G.MULADD.8 r4 r3 «2 

A. ADD r2.r8.rcwU 

L-64 r3.0(r2) 

G.MULADD.8 r4.r3.k3 r4 

A.ADD r2.r8.rowt8 
r3.0(r2} 

G.MULADD.8 r4.r3.k4 r4 

G.COMPRESS.16 r4.r4.8 

S-64 r4.0-8(r9) 

BNE r8.no.lb 



This runs in 6 cycles per 2 pixels, or 0.3 pixels/cycle. (For 3 pixels wide, the rate is 
4 cycles per 2 pixels, or 0.5 pixels/cycle J 

To generate the decimated array shown above, for a n 2 image, n 2 pixels are 
generated in the horizontal direction, and 2n 2 pixels are generated in the vertical 
direction. Using 5 pixel filter functions, this takes: n 2 /0 2 - 2n 2 /0 3 =: 
n 2 *(i/0.2 + 2/0.3) = 10.5*n2 cycles. Thus, a 1024 2 image can be decimated in II 
M cycles. 

The last example in this section decimates a color signal in both directions 
simultaneously. We assume a 2:1 decimation rate in each direction, and a 3x3 filter 
kernel. Real applications of decimation may use larger filter kernels, but this size 
serves to illustrate the techniques used. We assume here that pcount is a multiple 
ot drow, and char drow<srow/2.! 

void DecimateColor(int8 "src. int 8 # dst. int srow. int drow int pcount 
int8 kOO. int8 kOL int8 kG2. 
int8 k10. int8 k11, intS k12. 
int8 k20. int8 k2l, int8 k22) \ 
int i.j.k: 

for (k=0.i=0: k!=4*pcount: ) { 
for (j=0: jlsdrow: j++) ( 

dst[k++)=(src[i-4*srovv-4]-k00 + src[i-4"srow)*k01 + src[M-srow+4pk02 + 
src[i-4]'k10 + src[i]'k11 + src[i+4]*kl2 ♦ 
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src[ir4-sro-.v-4]>2j - src[U4'srcw]-k21 - srcji*4-5rc.v+4j'k22l>>3: 

dst[k*^]B(src[i-4-src.v.i;-k:o - srcM'srowJ'MJi - src[i-4- 3 rcw-4]-kG2 + 
srcii-4J'k1C - 5rcf:]'kil * src[i+4]"kl2 + 

srcii+4*srew-4r«2C - src[i T 4- 5 row]*k2l * src(i-4*srcv/,.4j'k22)>>8: 



dSt[k++J»(srcM*src-.v--:;-kCO * src[i-4*srcwj'k3l r src[i-4-srew-4]-fc02 + 
srcfi-4]*kl0 + src[ : ;-:<r, * src[i+4pk12 + 

src[i+4-srcw-4J-k2G - Sfc[i*4- S row]-k21 + Sfcn+4- S rcv/.4pk22)»3- 
i + + ; * 

dst[k^r]==(src[i.4-5rcw.4>>C0 + src[i-4-srow|'k0l * 5rc[i-4-srcvv.4]-kC2 + 
src[i-4J'k10 - srcfij'kl 1 * src[i+4j-kl2 + 

src|i+4-srow-4]-k20 - src[i+4*srow]*k21 + srcfi+4'srcw+4j'k22)»3: 



I 

i+=4*(srow+srow*drcw-drcwj 

I 

f 

Assembler code for inner loop: 



A. SUB 


r2.r8.s.'3w 


L.128 


r6.-4(r2) 


G. DEAL. 32 


r6.f6 


G.MUL.8 


r4.r6.kG0 


G.MULADD.8 


r4.r7.k01.r4 


L.128 


r6.4(r2) 


G.DEAL.32 


r6.r6 


G.MULADD.8 


r4.r6.kC2.r4 


L.128 


r6.-4(r8) 


G.DEAL.32 


r6.r6 


G.MULADD.8 


r4,r6.klC.r4 


G.MULADD.8 


r4.r7.k11.r4 


L128 


r6.4(r8) 


G.DEAL.32 


r6.r6 


G.MULADD.8 


r4.r6.k12.r4 


A. ADD 


r2.r8.srov/ 


L.128 


r6.-4(r2) 


G.DEAL.32 


r6.r6 


G.MULADD.8 


r4.r6.k00.r4 


G.MULADD.8 


r4.r7.k01.r4 


L.128 


r6.4(r2) 


G.DEAL.32 


r6.r6 


G.MULADD.8 


r4.r6.k02.r4 


G. COMPRESS. 16 


r4.r4.8 


S.64 


r4.0(r9) 


A. ADD 


r8.16 


A. ADD 


r9.8 


B.NE 


r8.r10.1b 



After some reordering of the address calculation instructions, the inner loop is 16 
cycles per 2 pixels, or 0.12 pixels/cycle. 



t-raotional Interpolation 

This section is under construction. 
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Imaoe C ompression Aoolir.atinn<z 

The following examples demonstrate key portions of IPEG and MPEG ima^e 
compression applications. Both JPEG and MPEG applications telv on the use of a 
2 -dimensional Discrete Cosine Transrorm iDCT) to transform raster-image data 
into a frequency-based representation that is more amenable to entropy coding. 

The following examples demonstrate several applications, listed below in summary 
form with the performance estimated. The estimates assume sinde-cvcle loads 
and stores, that is. they do not account for losses due to cache misses. However 

be\T P Tinnsible renCe ^ md P refetchin ?- could 





cycles per 
Dixel 




0.4 


1-D Fixed-point 8-point Discrete Cosine Transform 


1.0 


2-D Fixea-DOint 8-by-8 Discrete Cosine Transform 
i-D Mcatinq-pomt 8-oomt Uiscrete Cosine Iransrorm 


2.8 

0.6 


d-u i-ioatinq-pomt 8-bv-8 Uiscrete Cosine Transform 

<l-u Mxea-point 8-by-8 Discrete Cosine Transform for JPEG 


1.9 
2.3 


4-u i-ioatinq-DOint 8-bv-8 Discrete Ccsine Transform for JPEG 


1.4 


interns! 8x8 Matrix Transoof** 





A 2-dunensional DCT can be performed on an 8-by-8 matrix of data bv doing a 
series of 1 -dimensional DCTs on each of the 8 rows of the matrix, and on each"of 
the 8 columns of the matrix. A useful means to implement these operations is to 
perform a DCT on the rows (or columns) of the matrix. Transpose the matrix then 
perform a second, identical DCT. then transport the matrix again. 

This example details the transposition of an 8-by-8 matrix of 16-bit values stored 
m memory. The calculation is performed entirely in registers, using 
j Li in £ st f ucnons and 3 technique described in 60, in' which the first and 
second halves of the matrix are shuffled log 2 N times. 

Assume the matrix originally is in the order: 



0 12 3 4 

8 9 10 11 12 

16 17 18 19 20 

24 25 26 27 28 

32 33 34 35 36 

40 41 42 43 44 

48 49 50 51 52 

56 57 58 59 60 



7 
15 



5 6 
13 14 
21 22 23 
29 30 31 
37 38 39 
45 46 47 
53 54 55 
61 62 63 



*°Stone. Harold. "Parallel Processing u-ith the Perfect Shuffle." IEEE Transactions on 
Computers. Vol C-20. No. 2. February 1971. 15 J 
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Aner one shuffling, the matrix is in che order: 



0 32 1 3) 2 34 3 55 

4 36 5 37 6 38 7 39 

5 40 9 41 10 42 U 43 
12 44 13 45 14 46 15 47 
16 4S 17 49 IS 50 19 51 
20 52 21 53 22 54 23 55 
24 56 25 27 26 58 27 59 

L 28 60 29 61 30 62 31 63 



After a second shuffling, the matrix is in the order: 



16 32 48 

18 34 50 

20 36 52 

22 38 54 



8 24 40 56 
10 26 42 5S 



1 
3 
5 
7 
9 
11 



12 28 44 60 13 
14 30 46 62 15 



Alter a third shuffling, the matrix is in the order: 



0 
1 
2 
3 
4 
5 
6 



8 16 24 32 

9 17 25 33 

10 18 26 34 

11 19 27 35 

12 20 28 36 

13 21 29 37 

14 22 30 38 

15 23 31 39 



40 48 56 

41 49 57 

42 50 58 

43 51 59 

44 52 60 

45 53 61 

46 54 62 

47 55 63 



C code for procedure: 

void Matrix8By8Transpose(int16 # src. inti6 'dsn I 
intl6 tm0[64]; 
int16 tm1[64j; 
int i: 



17 33 49 
19 35 51 
21 37 53 
23 39 55 
25 41 57 
27 43 59 
29 45 61 
31 47 63 _ 



for (.=0; i<32; { tmO[2*i] = srefi): lmD[2N+i] = src[U32] I 
for (i=0; i<32: { tm1[2-i] = tmOfi]; tmi|2'i+1] = tm0[i*32M 
for (i=0: i<32; | dst[2'i) = tm1[i]; ds:[2-Ul] = tmi[U32]: | 

Assembler code for procedure: 

_Matrix8By8Transpose: 

L. 128.1 r4,r2,0 

L. 128.1 r12.r2 64 

G.SHUFFLE.8 r20.r4.M2 

L. 128.1 r6.r2.16 

G.SHUFFLE.8 r22.r5.M3 

L. 128.1 r14.r2.80 

G.SHUFFLE.8 r24,r6 r14 

L. 128.1 r8.r2.32 



# 00 01 02 03 

# 32 33 34 35 

# 00 32 01 33 

# 08 09 10 11 

# 04 36 05 37 

# 40 41 42 43 

# 08 40 09 41 

# 16 17 18 19 



04 05 06 07 
36 37 38 39 
02 34 03 35 
12 13 14 15 
06 38 07 39 
44 45 46 47 
10 42 11 43 
20 21 22 23 
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r ct IB-, c 3 r ;S-'?'* e . — 3 ag 50 51 52 33 54 55 
S.SriUFrLE.3 r2= :3.r-= * 1 6 48 17 4 9 18 50 19 51 

L S, nca r h- r 2--=. - 24 25 25 27 28 29 30 31 

L ?A I LE 3 : ^ T V \ ' 20 52 21 53 22 54 2 3 55 

g sh jph p - r -;- r ?- * s 55 57 53 59 60 61 52 53 

" G SHUFPI F ^ ^ ' 24 56 25 57 26 53 27 59 

G SHUFhLE.3 r3i.r:i.-S3 * 28 60 29 61 3G 62 31 63 

r ?2fi™ I f • r22 '' 23 • 00 16 32 43 01 17 33 49 

G SHUPPi"p n 1"11- r ?2 # 02 13 34 50 03 19 35 51 

G SHUPPi P a r T- r2 ;, r i 4 04 20 36 52 05 21 37 53 

rlwn«M f r ^ '23..'3l * 06 22 33 54 07 23 39 55 

■rlmpSiS r ! 2 '1; r32 * 08 24 40 56 09 25 41 57 

G SHUFFi"f a ' -ir r : 3 * 10 26 42 58 ,1 27 43 59 

G SHIJFFI*F fl ' S 1- * 12 28 44 60 13 29 45 61 

G.SHUFPLE.8 r'.3.r27.r25 * 14 30 46 62 15 31 47 63 

^Sf^ 3 % r3 3 2 * °° 08 16 24 32 40 48 56 
G S S 128 F | FLE 3 'il'rlV- 3 * 01 09 17 25 33 41 49 57 
G S S 7 2 U s7 LE 3 S J 4 02 10 18 26 34 42 50 58 

G c S ^ U o F | FLE - 3 r28 r7 f?£ * 03 11 19 27 35 43 51 59 
ol2B.I r26.r3.48 

G e S ^ U 0 F , FLE 8 r28 r8 ' ' 5 # ' 04 12 20 28 36 44 52 60- 

is. 128.1 r28.r3 64 

G =?? 5 U p F . FLE - 8 r 22- r ! ,r1 7 * 05 13 21 29 37 45 53 61 
=•'28.1 r30.r3.8G 

G c S ^ U o F , FLE - 8 r 32 rl0.rl8 # 06 14 22 30 38 46 54 62 
3.128.I r32.r3.96 

G q S ^ U 0 F , FLE - 8 f 34.r11.r19 # 0 7 15 23 31 39 47 55 63 

a-128.1 r34.r3.112 
B r0 

The resulting code transposes an 8-by.S matrix using 25 cycles. 
1 -Dimensions! nisr.r && Covin* Transform 

^STtt'nS?!?^*! T" Inde P endent J p EG Group's software 
jtwddct.c «. using 16-bit multiplies generating a 32-bit result. 

^include "jinclude.h' 

tfdefine RIGHT_SHIFT(x.shft) ((x) » (shfl)) ' 

^l-^Sf, 15 r 1056 3 " t,,e PredS,0n 10 3V0id •' 
#define DCT_SCALE (ONE << LG2_DCT_SCALE) 

r In some places we shift the inputs left by a couple more bits 7 

r so that they can be added to fractional results withcut too much 7 

I* loss of precision. 7 

#define LG2JDVERSCALE 2 

define OVERSCALE (ONE « LG2 OVERSCALE) 

#define OVERSHlFT(x) ((x) «= LG2_OVERSCALE) 

6l Copyright (C) 1991, Thomas G. Lane. 
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" Scale a fractional constant ov DCT_SCAL r " 
define FIX(x; ((INT32) (fx) * DCT_SCALE - h.zi) 

r Scale a fractional constant oy DCT_SCALE/GVERSCALE 7 

Sucn a constant can be multiplied with ar. cvsrscalea input 7 

tc Produce sometmng mat s scaled by DCT_SCALE V 
define FIXOfx) ((INT32) ((x) • DCT.SCALE / OVERSCALE + 0.5)) 

" Descale and correctly rcund a v5:ue that's scaled by DCT SCALE 7 

serine UNFIX(x) RlGHT.SHIR((x, + (ONE « (LG2_DCT_SCALE-1)). LG2_DCT_SCALEj 

Same with an additional division by 2. .e. correctly rounded UNFlX(x/2) 7 
-denne UNFIXH(x) RIGHT_SHIR((x) , (ONE « LG2JDCT.SCALE). LG2JXT.SCALE. l ) 

r Take a value scaled by DCT.SCALE and round to integer scaled by OVERSCALE V 
serine UNFlXO(x) R, G HT_SHIFT((x> «. (ONE « (LG2 DCT SCALE- l-LG2 0v^RSC- i L c -) \ 
LG2_DCT_SCALE-LG2_OVERSCALE) " " 

r Here are the constants we neea 7 

r SiN.tj is sine cf rpi/j. scaled by DCT SCALE 7 

/" COSjj is cosine of i*pi/j. scaled by DCT_5CALE 7 

#define SIN_1_4 FIX(0.707106731 ) 
#dehne C0S_1_4 SIN_1,4 

Adeline SIN_1_8 FIX(0.3B2633432) 
#dehne COS_1_8 FIX(0.923879533) 
#define SIN.3.8 C0S_1_8 
#denne COS_3_8 SIN^O 

#define SIN_1_16 FIX(0. 195090322) 
#define COS_1_16 FIX(0.980785280) 
#define SIN_7_16 C0S_1_16 
^define C0S_7_16 SIN_06 

^define SINJ3J6 FIX(0.555570233> 
Adeline COS.3.16 FIX(0.83146961 2) 
#define SIN_5_16 COS_3_16 
^define COS_5_16 SIN_3ll6 

r OSINJJ «s sine of i*pi/j, scaled by DCT.SCALE'OVERSCALE 7 
r OCOSJJ is cosine of i*pi/j. scaled by DCT_SCALE/OVERSCALE 7 

^define 0SINJ.4 FIXO(0.707106781) 
#define 0C0S_1_4 0SIN_1_4 

^define OSINJ_8 FIXO(0.382683432) 
^define OCOS_1 8 FIXO(0.923879533) 
#define OS1NJ3.8 OCOS 1_8 
#define OCOS_3_8 OSIN_i_8 

#define OSINjl_16 FIXO(0. 195090322) 
#define OCOS_7_J6 FIXO(0.980785280) 
^define 0SIN_7_16 OCOS 1 16 
#define OCOS_7_15 0SIN_1_16 

Sdefine OSIN_3_16 FIXO(0.555570233) 
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#de?ine OCOS_3_16 FlXCHO 33 1*656 :2) 
rfdefcne OSlN_5_io 0CQS„3_16 
^define OCOS_5_1c OSINJ.»6 



* Psrfcrrn a 1 -dimensional DCT. 

• Note :h=i iris ccae is specialized :c :ne case CCTSiZE = 3. 

V 

INLINE 
LOCAL void 

fasLdc:_8 (DCTELEM 'in. inr stride) 
I 

C m K Sn L ! T PS ^, ave ncnoverla PP^-Q ftfetra - flashy reaisrer colourers 
shculd be able to do this lot very wall 

7 

INT16 inO. in 1. m2. in3. m4. in5. »n6. in7: 

INT16 tmpC tmpl. rmp2. tmp3. tmc4. tmcc :mc6 tmo7' 

INT16 imp 10. tmpn. tmp12. tmpl3: 

INT16 tmo14. tmDl5 rmMfi tmni? 



INT 16 tmp25. tmp26: 


inO = 


»n[ 0]; 


in 1 = 


m[stride ); 


m2 = 


in[stride-2]: 


in3 = 


tn[stride r 3]; 


in 4 = 


in[stride'4]; 


mS = 


in(stnde'5]: 


in6 = 


in[stride'6); 


in7 = 


m [stride '7j, 


tmpO 


= in7 + inO; 


tmpl 


= in6 + in1; 


tmp2 


= in5 + in2: 


tmp3 


= in4 + in3: 


tmp4 


- in3 - in4; 


tmp5 


= in2 - in5; 


tmoo 


= in 1 • in6: 


tmp7 


= inO - in7; 



tmp10 = tmp3 + tmpO; 
tmpli = tmp2 + tmpt; 
tmp!2 « tmpl - tmp2; 
tmp13 = tmpO - tmp3; 

in[ 0] = (DCTELEM) UNFIXH((tmp10 + tmpl 1) " SIN 1 4) 
in[stnde'4j = (DCTELEM) UNFIXH((tmplO - tmp11) • Cf5sj_4); 

in[stride'2] = (DCTELEM) UNFIXH(tmp13'COS_1_8 + tmpi2'SIN 1 8V 
in[stnde*6] = (DCTELEM) UNFIXH(tmpl3*SIN_1_8 - tmpl2XOS JL8):' 

tmp16 s UNFIXO{(tmp6 + tmp5) ■ SIN 1 4)- 
tmpl 5 = UNFIXO((tmp6 - tmp5) * COSV 4); 

OVERSHIFT(tmp4). 
OVERSHIFT(tmp7): 
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* :~p4. tmo7. tmpt5. impi6 are :vsfSC3!5J cy OVERSCALE V 

:~c*4 - tmp4 + tmpis. 
:~d25 = tmp4 - imp 15; 
:t.c26 = tmp7 . tmo16; 
:.~D17 = tnp7 + tmpl6: 

srlssnae J = (DCTELEM) UNFIXHttrr.pl 7'CCCS 1 16 + impl^OSIN 1 16) 
rissncev = (DCTELEM) UNFIXK(:mc :7-QCOS 7 16 - ttnp14'OS«N7"l6i 
ir., S ;r:Ce-5 = (DCTELEM) UNRXHtt-.c 25'CCOS 5 16 + irrc25'OSIN 5" 16V 
.r,«R<Se-3] = (DCTELEM) UNRXKU^OCOSjIlo - tm^OSlN 3 "i6?" 



Perform the forward DCT on cne block of samples. 

A 2-D DCT can be done by 1-D DCT cn each row 
fciicv/ed by 1-D DCT on each column 

GLOBAL void 

jJv/a_oct (DCTBLOCK data) 

:nt i; 

for (i = 0: i< DCTSI2E: i**) 
fasLdct_8(data+rDCTSlZE. 1); 

for (i = 0: i < DCTSiZE: 
rasLdcL8(data+i. DCTSIZE); 

i 

The assembler code for the above procedure, called with stride=8, is as follows: 
Jast_dcL8: 

L.128.1 r4.r2.0 # in0 » in[ 0]* 

L 128.1 r6.r2.16 # ml = infstride I 

L 1281 rQ.r2.32 # in2 = in[stfide"2]; 

L 128 f r10.r2.48 # in3 = in[stride'3]; 

L.12B.I M2.r2.64 # in4 = in[stride'4]: 

L.12B.I r14.r2.80 # in5 « in[stride'5] 

L.128.1 r16.r2.96 # in6 = in[stride*6]; 

L. 128.1 n8.r2.l12 # in7 = in[stride*7] ; 

G.ADD.16 r20.r18.r4 # tmpO = »n7 + inO* 

G.ADD.16 r22.rl6.r6 # tmp1 = in6 + in1; 

G.ADD.16 r24.rl4.r8 # tmp2 = in5 + in2; 

G.ADD.16 r26.r12.r10 # tmp3 a in4 + in3 

G.SUB.16 r28.r10.r12 # tmp4 = in3 - in4- 

G.SUB.16 r30.r8.r14 # tmp5 = in2 - in5- 

G.SUB.16 r32.r6.M6 # tmp6 = in! - in6* 

G.SUB.16 r34.r4.r18 # tmp7 = inO - in7; 

G.ADD.16 r36.r26.r20 # tmp10 = tmp3 + tmpO- 

G.ADD.16 r38.r24,r22 # tmpl1 B tmp2 + tmpV 

G.SUB.16 r40.r22.r24 # tmp12 = tmp1 - tmp2" 

G.SUB.16 r42.r20.r26 # tmp13 = tmpO - tmp3; 

G.ADD.16 r48.r36.r3e # = imp 10 + tmp1 1 

G.MULADD.16 r44.r48.SSIN 1 4.S32768 

G.MULADD.16 r46.r49.SSlN r4.$3276B 
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Each Cerberus bus in a Cerberus network may. for specification purposes be 
assigned a unique network number, in the range 0..2W-1. These network numbers 
never appear directly m Cerberus deuce addresses, as the target network bvte 
specified in the request packet of a Cerberus transaction contains onlv a relative 
net number: the target net either minus, or xor'ed with, the initiator net. Thus, the 
tela m e target network address is always zero when the initiator and the target are 
buses Cerbcr " s bus, and is always non-zero when they are on different 

A Cerberus bus permits only one transaction to occur at a time. However a 
Cerberus network may have multiple simultaneous transactions, so long as the 
target and initiator network addresses are all disjoint. In more precise terms he 
network addresses must satisfy the relations: 

target; * initiatorj 
target; t targetj 
initiator; * initatorj, for all l * j. 

A Cerberus network may set more restrictive conditions for simultaneous 
transactions by ,ts internal design, as required by limits of performance or 
bandwidth of the gateway network. When these conditions are not satisfied one 

w r hiT r r e h^ nSaCa0nS m / Y u be sd f CCcd F° be aborted on the local C«berus bus on 
which they are initiated by any fair-scheduling mechanism. 

™? loca 45 :erberUS bus is connected to the gateway network by exactly one 
ESrI'kk re 2 Ue r St Pa _ cket 0 .* , a Iransac "on is received by a gateway on a 

k nin ,. K US> thC fcrS L b r 0t *,? P3cket S P ecifies 3 n « numb e" If this bvte 
is non-zero, the gateway, which we will designate the initiator gatewav, must carry 
this transaction across the gateway network. This number is interpreted as a 
signed byte, relative to the initiator gateway, and specifies a gatewav to be the 
target of the transaction, which we will designate the target gateway. We will refer 
to the local Cerberus bus to which the initiator gatewav is attached as the initiator 
bus, and the bus to which the target gateway is attacked as the target bus. 

The request packet is carried via the initiator gateway, through the gateway 
network, to the target gateway, which then re-transmits the packet on the target 
bus When the request packet is re-transmitted on the target bus, the network 
number byte is zero, designating a target on the target bus. The initiator gatewav 
may delay transmission of the request packet on the initiator bus as required to 
limit or manage the flow of information through the gateway network, between 
each byte of the request packet. The initiator gateway must also delay 
transmission at the end of the last byte of the request packet in order to ensure 
that packet aborts on the target bus are propagated back to the initiator bus The 
initiator gateway must also ensure that a target device which responds just barely 
within the time-out limit on the target bus does not cause a time-out on the 
initiator bus, generally by asserting a delay on the initiator bus until this condition 
can be assured. 

When a response packet is generated on the target bus (which may be from either 
the addressed target or some time-out generator), the packet is carried in the 
reverse direction by the gateway network. This response and any further packets 
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arc carried until the end of the transaction. The contents of the response and 
Further packets are not changed by the gateway network. 

When a local Cerberus bus reset is received by a gatewaw the reset is earned by 
the gateway network and each other gateway then ^-transmits a reset transaction 
on all other local buses. 

Repeater 

A Cerberus bus may be extended by inserting repeaters. A repeater electrically 
separates two segments of a Cerberus bus, but provides a transparent linkage 
between these two segments. Using a repeater is advantageous when the 
capacitive load or clock skew between Cerberus devices on a large bus would 
require a reduction in the clock rate. The system designer must ensure that device 
addresses remain unique across what is logically a single serial bus. 



I 
I 

1 


Repeater 






i 


k j 


» T I 


k - 




sc 




V 

ss 

SD SC 




SD 






i 












Repeater 




► 



Generally, a repeater will repeat each request packet seen on one side of the 
repeater on the other side, with a delay of at least one clock cycle. If two 
transactions appear nearly simultaneously on each side of the repeater, the 
repeater must abort one of the transactions and permit the other to be repeated. 
This arbitration must be performed fairly, such as by alternating which side of the 
repeater is preferred on consecutive collisions. 

A simple repeater continues until the end of the transaction by repeating the 
response packets, which may appear on the same or opposite side as the original 
request packet of the transaction. 

If the topology of the Cerberus is constructed so that only target devices exist on 
one side of the repeater, the design may be simplified by the elimination of the 
arbitration function. In such a case, transactions may only originate from the side 
designated to contain initiator-capable devices. 

A more sophisticated repeater may "learn" which addresses are on each side of 
the repeater, and only repeat transactions which need to cross the repeater to be 
completed. Alternatively, a repeater may be constructed with knowledge of the 
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addresses to be placed on each side, such as addresses 0..127 on one side and 
addresses 128..255 on the other, again permuting the selective repeating of 
packets across the repeater. 

Synchronous Repeater 

A very simple form of repeater may be employed to divide up the capacitive and 
leakage load on the SD signal of a Cerberus bus into two or more segments, when 
a common SC clock reierence is used. 



SD 2 — 



SD n ^- 



SC 



Synchronous 
Repeater 



Synchronous repeater 



7" 

SS 
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The synchronous repeater samples each electrically-isolated segmen: of a 
logicallv-single Cerberus bus on the falling edge of each SC clock cvcle. then 
broadcasts the logical AND of all the values on each segment during the SC clock 
low period. ° 




Synchronous repeater implementation 

For large networks, this repeater improves performance by dividing up the RC 
delay by a factor of n, though two bus settling periods now occur on each SC clock 

period, so the speedup is approximately 
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This circuit can be economically' implemented using a sinsle TTL '621 part and a 
pull-up resistor: 



SC. 



SD. 
SD, 

sd! 

sd; 

SDj 

sdJ 

SD- 



'621 



GBA 
GAB 




500 ft 





i r 




a 1 Bl 

A 2 B 2 

A 3 B 3 
A 4 B 4 

A 5 B 5 
A 6 B 6 




























A ? B 7 
A 8 B 8 









Eight-port synchronous repeater 
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Icarus Interorocessor Protocol 

MicroUnity's Icarus interprocessor protocol uses Hermes high-bandwidth 
channels to connect Terpsichore processors together, either directly or through 
external switching components, permuting the construction of shared-memon-, 
coherently- or incoherently- cached multiprocessors. Icarus uses Hermes in the 
^Dual-Master Pair" configuration, and can be extended for use in "Multiple- 
Master Ring" configurations. 

Internal daemons within Terpsichore perform and respond to Hermes write 
operations upon which the Icarus interprocessor communication protocol is 
embedded. These daemons provide tor the generation of memorv references to 
remote processors, tor access to Terpsichore's local physical memorv sDace. and 
tor the transport of remote references to other remote processors. 

Interprocessor Topologies 

The simplest multiprocessor configuration that can be built with the Icarus 
protocols is a dual-processor: 




The diagram below represents the same dual-processor system, in a simpler 
notation: 



Ft 






Dual-processor Terpsichore with Icarus interorocessor link 



In the configuration above, a pair of Hermes channels are connected together to 
form an Icarus Interprocessor link in the Dual-Master Pair configuration. A 
Cerberus bus connects all the system components together to facilitate system 
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configuration. The Terpsichore processors all run off of a common frcquencv 
clock, as required by the Hermes channels that connect between processors. 

Dual Terpsichore processors with dual Icarus links may use both links to enhance 
system bandwidth: 



Dual-processor Terpsichore with Icarus interprocessor link 



A Terpsichore processor's dual Icarus links, each in the Dual-Master Pair 
configuration may connect to two different processors. Using the Icarus 
Transponder daemons in each processor, several processors may be 
interconnected into a linear network of arbitrary size: 




The Icarus links may also join at the ends of the linear network, forming a ring or 
arbitrary size. 




In the configuration above, two Icarus links are connected to each Terpsichore 
processor, forming a single ring. 
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By connecting Icarus links into 4-master rinas. providins Hermes master 
forwarding for responses, using the Icarus Transponder daemons in each 
processor, processors may be interconnected into a two-dimensional network of 
arbitrary size: 




Sixteen-processor Terpsichore with Icarus interprocessor links 



In the configuration above, two Icarus links are connected to each Terpsichore 
processor, forming a single ring. 

Other multidimensional topologies can be constructed bv using multimaster rings 
as basic building blocks. An n-master ring (n<4) of Terpsichore processors has n 
Icarus link-pairs available for connection into dual-master or multi-master 
configurations. For example, with a 4-master ring: 
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These building blocks can then be assembled into radix-n switching networks: 

By connecting Icarus links to external switching devices, multiprocessors with a 
large number ot processors can be constructed with an arbitrary interconnection 
topology: 




In the configuration above, two Icarus links connect each Terpsichore processor 
to a switching fabric consisting of Hydra switches. 

Link-level and Transaction-level Protonnl 

Icarus uses the Hermes protocol at the link-level, and uses Hermes operations to 
embed a transaction -level protocol. 

Two-packet link-action nnmenclati jr& 

We designate the term "link-action" to describe the low-level packet protocol used 
between a Hermes master device and a Hermes slave device. The packets that 
make up a link-action contain a three-bit link-action identifier, or "lid," which 
permit up to eight outstanding link-actions to be in progress at any point in time. 

Link-actions consist of two actions. Each packet transmitted on the Hermes ring 
corresponds to an action: 



I Request 


j the action taken by a requester to start the transaction 


| Resoonse 


I the action taken by the responder to finish the transacrion 


Link-action nomenclature 
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These actions and their relation to che data flow is shown below: 



1 


Requester 




Responder 








" ' -^2£nuest 






i 

1 

1 

1 

1 




Response — - 








Link-action actions and data flow 







Four-pac ket transaction nomRnclatum 



We designature the rerrn "transaction" to describe the upper-level packet 
protocol used when embedding a four-packet, or "split" transaction above the 
link-level Hermes packet protocol. 

Transactions are used when the latency of a transaction may require that more 
than eight actions are outstanding at a point in time, in order to maintain the 
desired throughput of the protocol Embedding the transaction protocol above the 
link-action protocol limits the amount of link-level state which must be 
implemented. 

Certain of the packets that make up a transaction contain an eight-bit transaction 
identifier, or "tid," which permit up to 256 outstanding transactions to be in 
progress at any point in time. These packets also contain link-action identifiers, 
lids, which connect these packets with others which are part of the transaction, 
but do not contain a tid. 



Transactions consist of four actions. Each action results in one or more link-level 
Hermes packets transmitted on the channels: 



Request 


! the action taken by a requester to start the transaction. 


Indication 


s the reception of a request by a responder. 


Response 


s the action taken by the responder to finish the transaction. 


Confirmation 


; the reception of the response by the requester. 


Transaction nomenclature 
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These actions and their relation to the data flow is shown below: 



; 


Requester 




Respohder 








' SyQuest 






i 
i 
I 




\ndicalion 






i 

1 
i 
1 
1 




Response 






1 

i 
1 

i 

! 




" ^ ^^ati^^ 






1 


Transaction actions and data flow 







allowing table shows the relationship between transaction -level actions and 
svel actions, showing typical transaction messages and link-action commands: 



Transaction- 
level action 


Typical transaction 
message 


Link-level 
actions 


Link-action command 


Request 


read/write-sizeiet- 
request 


Request j write-octlet 


Indication 


Remote-indication 


Response '; write-resDonse 


Response 


read/write-sizelet- 
response 


Request 


write-octlet 


Confirmation 


Remote-confirmation I Response i write-response 



ransaotion protocol for Icarus Requester Daemon 
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Icarus Action Format 

Reouest and Response actions 

A series of link-level write octlet operations comprise an Icarus request or 
response action. The address of the write operation contains target routing, 
transaction-id, commands and sequence information in the following format: 

A remote request is a write octlet to an address of the form: 

31 16 15 8 7 Q 

I node | tid | ccmTI 

16 8 6 

with data of the form: 



I octlet | 

— _ 64 

The tid field contains an 8-bit transaction id code which must be returned along 
wuh the remote response. The tid field value must be unique among all 
transactions originating from a node, but tid field values of transactions originating 
from distinct nodes may be equal. 

The com field contains a 6-bit command code which, in the first octlet, designates 
the operation to be performed in a request action or the result returned in a 
response action. If the command code is in the range 0.31, in successive octlets, 
the value of the com field indicates whether the number of octlets to follow (0..9), 
such that the last octlet of a message contains a com field with a 0 value. 

The node field contains a 16-bit node address which is the target of the action. 
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When embedded inro a link-level write octlet operation, che Terpsichore 
requester daemon request appears on the Hermes in the form: 

7 0 



ma 



lid 



com 



tid 



node 7 ,. 0 



nodeis..B 



OCtlet63..S6 



octlet 55 ..4a 



OCtlet47.. 40 



OCtlet 3 9.32 



OCtlgt3i^24 



octlet23.,ie 



octiet 15 „a 



octiet 7 ..o 



check 



A transaction which has a payload of one octlet must use a link-level write octlet 
operation A transaction which has a payload of greater than one octlet mav 
successively use link-level write octlet operations to transmit the payload. 

Indication and Confirmation actions 

Indication and Confirmation actions consist of a series of link-level write octlet 
response packets, one for each ocdet of the Request and Response actions. 

Icarus Requester Daemon 

When Terpsichore attempts a load or store to a physical address in which the 
high-order 16 bits are non-zero, the memory at that address is assumed to be 
present in the memory space of a remote Terpsichore processor. The Icarus 
Requester Daemon is an autonomous unit which attempts to satisfy such remote 
memory references by communicating with an external device, either another 
Terpsichore processor or a switching device which eventually reaches another 
Terpsichore processor. 

These remote references are characterized by an eight-byte physical bvte 
address, of which two bytes are used for specifying a processor node, and the 
remaining six bytes are used for specifying a local physical address on that 
processor node. 
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The Icarus Requester Daemon associates each remote memory reference with a 
transaction identifier" ot eight bits, permitting up to 256 such remote references 
to be outstanding at any time: however, implementation limits within Terasichore 
may set a smaller bound. 

The Icarus Requester Daemon takes the role of the Transaction Requester, and 
an external device takes the role of the Transaction Responder. The daemon 
generates writes to a specified byte-channel and module address, which causes an 
external device to read or write remote octlets or cache lines in a remote memorv. 
Ine daemon may have as many as two" link-level write requests outstanding at 
any point in time. 

Terpsichore contains two such requester daemons which act concurrently to two 
duterent byte-channel and/or module addresses. 

Icarus Responder Daemon 

The Icarus Responder Daemon accepts writes from a specified byte-channel and 
module address, which enable an external device to generate transaction requests 
to read or write octlets or cache lines in the Terpsichore's local memory, or to 
generate Terpsichore events. The daemon also generates link-level writes to the 
same external device to communicate the responses to these transaction requests 
back to the external device. 

Terpsichore contains two such responder daemons which act concurrendv to two 
different byte-channel and/or module addresses. 

An external device takes the role of the Transaction Requester, and the Icarus 
Responder takes the role of the Transaction Responder. 

Icarus Transponder Daemon 

The Icarus Transponder Daemon accepts writes from a specified Hermes 
channel and module address, which enable an external device to cause an Icarus 
Requester Daemon to generate a request on another Hermes channel and module 
address. 

Terpsichore contains two such transponder daemons which act concurrently 
(back-to-back) between two different byte-channel and/or module addresses. 

58 The term "sequence number" is avoided here, because the transaction-tags are not necessarily 
sequential in nature. 

59 Thc number of link-level requests to be outstanding is still under study. 
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Icarus Reoi test 



The following table summarizes the commands used for Icarus requests and 
responses (response command shown in bold): 



code 




payload 
(octleis) 


j 






1..9 






10. 19 


Reserved " 1 ■ — 




20 




i 


21 


i«au;auuf»wap ociiei response 


1 


22 


« ii iuui ici ci ii wcaK oa^ne-nne 


1 


23 




1 


2<* 


icdu dHUUdlc sirono cctiet 


1 1 


25 


redu noailocate strcne cctier 


1 


26 


read allocate weak cc! e r 


1 


27 


reaa ncanocate wean cctiet 


1 


23 


jtJdu anocate strona nexiet 


i . 


20 


reed noailocate strcne nsxlet 


1 


30 


reaa allocate weak hexiei 


i 


31 


read noailocate weak nexlet 


1 


32 


reaa nexlet response 


2 


33 


reaa incoherent cache-line response 


8 


34 


recta coherent cache-line response 


9 


35 36 






37 


fudu o;unerem strona cache-line "1 


2 


38 






39 ~~ ' 


i crou uuiiwjtiru weaK cscne-hne 


2 


40.. 51 


ncoci vcu 




52 


vvnic Luiiciwii suona cacne-ime 


10 


53 


wnit; inuunereni strona cache-line 


9 


54 


w ouHciuiu wcflK cacne-ime 


10 


55 


" u,c inL/vjiiertrriL weaK cacne-ime 


9 


56 


write allocate strona octlet 


o 
c. 


57 


write noailocate strong cctlet 


2 


58 


write allocate weak octlet 


2 


59 


write noailocate weak octlet 


2 


60 


write allocate strona nexlet 


3 I 


61 


write noailocate strcna nexlet 


3 


62 


write allocate weak hexlet 


3 


63 


write noailocate weak nexlet 


3 


64 


add-and-swap allocate stronq octlet little-endian 


2 


65 


ada-and-swao noatioca-2 sirong octlet little-endian 


2 ! 


66 


add-and-swaD allocate weak octlet little-endian 


2 


67 


aaa-ana-swap noaiioca:e weak octlet iittie-enaian 


2 
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63. .79 


Reserved 




30 


aad-and-svvaD auccars s: r zr.a octie: oia-enaian 


2 


31 


add-and-swaD ncailcca-e strona cct;e: bia-endlan 


2 


32 


add-ana-swap aiiccare v.=2K ccnet bo-enaian 


2 


83 


add-and-swaD ncanccais ,veak octiet oig-sndian 


2 


34 


comoare-and-sv/ac a:!cc=:e strona octiet 


3 


35 


comoare-and-svvao ros-iocate strona octiet 


3 


86 


compars-and-3'vVcD a::cc2:e weak octiet 


3 


87 


comoare-and-swac reallocate weak octiet 


3 


38 


muitiDlex-and-swao a-iccare strona octiet 


3 


89 




3 


90 


multiplex-ana-swao allocate weak octiet 


3 


91 


multipiex-and-swao noaMocate weak octiet 


3 I 


92 


muitiDlex allocate strcr.c cctlet 


3 


93 


multiplex noallocate srrcno octiet 


3 


94 


multiplex allocate wssx octiet 


3 


95 


multiplex noallocate v.-eaK actlet 


3 


96-255 


reserved 





Icarus Recues: commands 

A remote (add.swap.or.andl octle: request is data of the form: 
63 



address 



bytes 0..7 



64 



A remote read incoherent (strong.weakl cache-line request is data of the form: 



63 



c 



address 



] 



64 



A remote read coherent {strong,weak| cache-line request is data of the form: 
63 0 



address 



coherence tag 

64 
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A remote write tncohcrcnr cjchc-Iine re^es: is data of the form: 

53 

address 

bytes 0..7 

m _ bytes 8..15 

bytes 16..23 

_ bytes 24.,31 

_ bytes 32..39 

_ bytes 40..47 

bytes 48..S5 

bytes 56. .63 



A remote write coherent cache-line request is data of the form: 



address 



coherence tag 



bytes 0..7 
bytes 8.. 15 



bytes 16..23 



bytes 24..31 



bytes 32..39 



bytes 40..47 



bytes 48..S5 



bytes S6..63 



A remote read {allocate,noallocate} {suong.weak} ocdet request is data of the 
form: 

S - 0 

I address [ 

A remote write {allocatejioallocatei [strong.vveak} octlet request is data of the 
form: 

63 c 

( address 
bytes 0..7 
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A remote rend [aHocace.nodlocate! isrrengAveakl hexlet request is data of the 
torm: 



63 



[ 



address 



A remote write (allocate.noallocate! !£;ror.g.weakl hexiec request is data of the 
torm: 

63 



address 



bytes 0..7 



bytes 8..15 



Icarus Indication 

An Icarus location consists of a link-level write-response packet for each link- 
level write issued as an Icarus Request. Each link-level write-response packet 
contams the lid value of the link-level write -request packet. Tins serves both the 
ink-level purpose of issuing a response and the abilitv to receive additional link- 
level requests and a transaction-level indication of receipt of the request and the 
ability to receive additional transaction -level requests. 

Icarus R&sponsG 

Icarus Responses consist of a series of one or more link-level write-octlet 
operations. The low-order bits of the addresses of the write operations contain 
commands and tid information, and the data is the contents read from memory. 

The octlet stream contains transaction-level responses from the Terpsichore 
Responder daemon, which are summarized in the table below: 



com 


command 


payioad 
(octlets) 


0 


termination 




1..9 


continuation 




10..22 


Reserved 




23 


write response 


1 


24..31 


Reserved 




32 


read/add/swap octlet response 


2 


33 


read hexiet response 


3 


34 


read incoherent cache-line response 


9 


35 


read coherent cache-line response 


10 


7-255 


reserved 





375 



Case 2 :05-cv-00505-TJW Docu ment 1 49 Filed 1 0/1 5/2007 Page 1 9 of 40 

WO 97/07450 PCT/US96/13047 



previous™ IieId C ° ntainS ^ S ' biE : ~-* SSi - e command - * s 8"™ ^ the table 
The tid field contains the S-b.t transfer, id code used in the request message. 
The node field contains the 16-bit processor number used in the request message. 
A remote !read.add,s\vapi octlet response is data of the forr 



rm: 



S3 



r 



bytes 0..7, 



A remote read hexlec response is data or the form: 
63 



bytes 0..7 



bytes 8.. 15 



A remote read incoherent cache-line response is data of the form- 
63 



bytes 0..7 



bytes 8. .15 



bytes 16..23 



bytes 24..31 



bytes 32. .39 



bytes 40..47 



bytes 48..S5 



bytes S6..63 



64 



A remote write response is data of the form: 
63 



[ 
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A remote read coherent cache-line response is data of the form: 



coherence tag 



bytes 0..7 



bytes 8..15 



bytes 16..23 



bytes 24..31 



bytes 32..39 



bytes 40..47 



bytes 48..S5 



bytes 56.. 63 



64 

A remote write coherent cache-line response is data of the form: 



c J 

r 



coherence tag 



Icarus Confirmation 

An Icarus Confirmation consists of a link-level write-response packet for each 
link-level write issued as an Icarus Response. Each link-level write-response 
packet contains the lid value of the link-level write-request packet. This serves 
both the link-level purpose of issuing a response and indicating the abilitv to 
receive additional link-level requests and a transaction-level confirmation of 
receipt of the response and the ability to receive additional transaction-level 
requests. 

Deadlock 



The Icarus Requester, Responder, and Transponder daemons must act 
cooperatively to avoid deadlock that may arise due to an imbalance of requests in 
the system which prevent responses from being routed to their destination. 

The requirements vary depending upon the characteristics of the svstern 
configuration, and the mechanisms for deadlock avoidance are still under study. 

Principal mechanisms to employ are cycle-free-routing of requests, and the means 
to prioritize responses above requests in forwarding priority. 

Error handling 

The link-level packets contain a check byte which is designed to detect single-bit 
transmisstion errors in the Hermes channel. 
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When , either party in an Icarus transaction receives a packet with a check error, it 
immediately shuts down input processing to avoid encounterins further errors as 
may arise from errors which disrupt the parsing of packets, if also generates an 
error packet, which ensures that che other party is notified of the error 

The target of an Icarus transaction must maintain a copv of the link-level address 
ot the most recent correctly received link-level write operation in a Cerberus 
renter. Terpsichore then will dear the error using the Cerberus channel 

SSSLtSS^ upa processmg - Each p * ny then re - lssues an >' — 

The contents of the address field in the link-level protocol is used to ensure that 
the error handling mechanism does not result in missing or repeated operations. 

T^""' T Se UnIlke the hnk - level P rotoco1 - the transaction-level 
protocol contains non-idempotent operations. 
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AooendioRs 

Fixed -point Aooiica^ions 

The following example performs a -find most-significant one" operation on 
general register ra. placing the result in general register rb. 
EALMS rb.ra 

^ : rc LeBSZ : sior.r'nani One 

The following example performs a ' find least-signiticam one" operation on general 
register ra, placing the result in general register rb. 

E.ADDI rb.ra. -1 

E.ANDN rb. rb.ra 

E.ALMS rb.rb 

Floating-point AoQlicatiQns 

The tollovving example demonstrates the inner loop of the Unpack benchmark. 
This section is under construction. 

Digital Signal Propo sing Anniir.^tinn^ 

This section is under construction. 

Image Pr ocessing Applications 

The following examples demonstrate several applications, listed below in summarv 
form with the performance estimated. The estimates assume single-cvcle loads 
and stores, that is, they do not account for losses due to cache misses. 'However, 
the memory reference patterns are very uniform, and with prefetching, thev could 
be kept invisible. 
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Operation — ~ — — — — 


pixels per 
cycle 




0.8 


jxj hitenng of Color Imaae 


0.2 


Conversion of Mcnocnrome irr.ace >o Color 


2.0 




1.0 


D-coini Horizontal Decimation of Mcnocnrome Imaae 


0.9 


a-point Vertical Decimation of Mcnocnrome Imaae 


1.3 


3x3 Decimation of Monochrome Imaae 


0.5 


3-pant Horizontal Decimation of Co or Imaae 


0.2 


o-comt Vertical. Decimation of Ccicr Imaae 


0.3 


3x3 Decimation of Color Imaoe ~~ 


0.12 



i-iiterrg of Mr>nnrhrorr><=> £jz££ 

Assume operands are 8 bits in size, which implies 16 pixels in a hexlet., S pixels in 
an octlec. \\ e use a 3x3 linear tiller. The coefficients are: 



kOO kOL k02 
klO kll kl2 ► 
k20 k21 k22 j 



No special handling on array boundaries are shown here, as it should have little 
etiect on performance. A C version ot the code is given below: 

void MonochromeFi!ter(ini8 *src. ini8 "csi. int row int pcount 
int8 kOO. rnt8 k01. int8 k02. 
intB k10. int8 kll. intd kl2 
»nt8 k20. int8 k21, int8 k22) ! 
lor (i=0: i!=pcouru: ( 

3St[l] = (src[i-row1]'k00 - srcfi-rcw]*k0l + srcfi-row-1]*k02 + 
src[i-lj*k10 + srcWkll + src[i+lj-k12 ♦ 
src[i+row-1)-k20 + src[i+row]'k2l + src[i+row+ 1 )'k22)»8 



^e now examine the assembler coding of the inner loop. Because there are ei*ht 
pixels in an octlet, the input size of the multiplier, this loop filters eight pixels at 
once. The coefficients are placed in 9 registers svmbolicallv named k00~k22 with a 
copy of coefficient in each byte of the register. We assume that the coefficients 
are scaled so that sum of products do not overflow a 16-bit integer accumulation 
specifically, the sum of the absolute values of the coefficients <= 256. The row size 
is in the register symbolically named row. Registers 8,9,and 10 contain arrav 
pointers. 



A.SUB 
L.64 

G.MUL.8 
L.64 

G.MULADD.8 
L.64 

G.MULADD.8 



r2.r8.row 

r3.-1(r2) 

r4.r3.k00 

r3.0(f2) 

r4.r3.k0l.r4 

f3.1(r2) 

r4.r3.k02.r4 
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L.c4 r3.-1(-5) 
G.MULADD.5 r4.r3.*:0.r4 

G MULADD.8 M.rlki 1 .r4 

L.54 r3. If .-51 

G .VI UL ADO. 3 ru.r3.k:2.r4 

A. ADD r2.f3.r-v/ 

L.c4 r3.-l(r2i 

G MULADD 3 r4.r3.k20.r4 
r3.0(r2) 

G MULADD. 3 r4.r3.k2l.r4 

L 64 r3.1(r2) 

G.I MULADD.8 r4.r3 k22 :4 
G. COMPRESS. 16 r4.r4.3 

S 54 r4.0(r9) 

A. ADD rs.3 

A. ADD r9.8 

BNE r8.r10.1b 

With some obvious reordering of the address computation instructions, this can 
run m 10 cycles, assuming single-cycle latency for G. MULADD. Loop unrolling 
can be used to handle greater latency The inner loop is 10 cycles per eight pixels", 
or 0.8 pixel* cycle. Counting each multiply as 8 operations and each multiply and 
add as 16 operations, we are running at 8+8*16=136 operations/loop"/ 10 
cycles/loop =13.6 operations/cycle. 

Note that our design actually loads each pixel nine times, which is making good 
use ot excess load bandwidth and data caching. 

Filtering of Color iman& 

For a color image, we assume that the image is made up of pixels each 3? bits in 
size, 8 bits tor each of red, green, blue, and alpha. We treat each component 
identically, so the same algorithm is used, but the offsets change slightly A C 
version ot the code is: D ' 

void ColcrFilter(int8 'src. int8 *dst. mt row. int pcount * 
mi8 kOO. intB kOl. mt8 k02. 
int8 klO, int8 kU, int8 k12. 
intB k20. intB k21. int8 k22) { 
(or (i=0: i!=4*pcount: ( 

dst[i] = (src(i-row-4]*k00 + src[i-row)'k01 ♦ src[i-row+4]-k02 + 
src[i-4j'k10 + src[irk11 + src[i+4]'k12 ♦ 
^ src[i4.row.4]-k20 + src[i+row]'k21 + src[i+row*4]-k22)»8: 

) 

The assembler coding of the inner loop is: 

1: A.SUB r2.r8.row 

L.64 r3.-4(r2) 

G.MUL.8 r4.r3.k00 

L.64 r3.0(r2) 

G. MULADD. 8 r4.r3.k0l.r4 

L.64 r3.4(r2) 

G. MULADD. 8 r4.r3.k02.r4 

L.64 r3.-4(r8) 



381 



Case 2:05-cv-00505-TJW 

WO 97/07450 



Document 1 49 Fifed 1 0/1 5/2007 Page 25 of 40 

PCT/US96/13047 



G MULADD.8 r4.r3.kl0.f4 

L-64 :3.0f:£) 

G.MULADD.3 .'4,-3 ki Vr4 

*- 64 r3.4,':5) 

G.MULADD.8 r4 r3 ^ 

A A DD r2.r8.row 

L 54 .'3..4(r2> 

G MULADD.8 r4.r3.k2Q.r4 

G.MULADD8 rlr3.k2l.r4 

L-64 r3.4(r2) 

G MULADD.8 r4 r3 k22 r4 
G.COMPRESS.123 r4.r4.3 

S.64 r4.Qfr9) 

A. ADD r3.8' 

A. ADD r9.8. 

BNE r8.r10.1b 

L^ USe V He I'" 1 ' al ^ 0rithm L 3s tor color image above. Operations are 
pertorrned ar the same rate bar since a pixel is represented bv 32 bits, the pixel 

pixelU?cL UmeS " ° P rUn5 " 10 C>deS per 2 plxek or 0-2 

Convers ion of Mnnochrema ?q Color 

To convert a monochrome image to a color image, we must triplicate each 
monochrome pixel level into levels for red. green, and blue. The alpha level might 
be set to a constant level of 255. or merged in from a separate array § 

void MonochromeToCo!or(int8 'src. int8 "dst. mt pcount) { 

mt t: 

for (i=0: i!=pcouni: i++) ( 
dstfij = src[i]; 
dst[4-i*ij = srcfi]; 
dst(4-i+2J= srcfi); 
dsnVi+3] = 255: 

I 

* n C J e ^Hewing inner loop (addressing operations and loop 
overhead omitted - they do not influence the operation count): 

1: L.64.B r4,0(r8) 

G.SHUFFLE.16 r2 r4 r4 

r8 - r4 - r5 #r5 contains -1 

G.SHUFFLE.8 r6.r2.r8 

G. SHUFFLE. 8 r8.r3.r9 

S.128.B r6.0(r9) 

S128.B r8.16(r9) 

A.ADD r8.8 

A. ADD r9.32 

BNE r8.r10.1b 

The above sequence is 4 cycles per 8 pixels, or 2.0 pixels/cycle. 

void MonochromeWiihAlphaToColor(int8 "src. mt8 'alpha. mt8 -dst .ni pcount) I 
mt i: 
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cs;fi] = srcfij: 
cs5(4-i+lj = src-i]: 
z$i["i+2}* srcfij: 
C3;-^"»-31 - alpnafi]: 



\\ hich results in the following inner looo: 



L.64.B 
L.64.8 

G. SHUFFLE. 16 

G. SHUFFLE. 16 

G. SHUFFLE. 3 

G. SHUFFLE. 8 

S.123.B 

S 128. B 

A ADD- 

A ADD 

A. ADD 

BNE 



r4.0(r8) 

r5.0fr9) 

r2.f4.r4 

r3.f4.r5 

r6.r2.r8 

r8.r3.r9 

r6.0(r10) 

r8.16(rl0) 

r8.8 

r9.S 

M0.32 

r8.r1 1.1b 



The above sequence is 4 cycles per 8 pixels, or 2.0 pixels/cycle. 

Conversio n of Color to Moncc^Qpe 

To convert a color image to a monochrome image, a weighted sum of the red, 
green and blue components is generated. These weights. kO. kl, and k2, are 
selected so that k0+ki+k2 = 256, so overflow does not occur. The resulting 
weighted sum is truncated, rather than rounded, again, to avoid the possibility of 
overflow. r 

void ColorToMonochrorne(int8 *src. int8 'est. int pcount. int8 kO. int8 kl int8 k2) ( 
tnt i: 

for (i=0. i!=pcaunt: ( 

dstfi] = (src[4'i]'k0 * src[4-i+i]'ki + src[4-»+2]-k2)»8. 



Which results in the following inner loop: 



L.128.B 

G.DEAL16 

L128.B 

G.DEAL.16 

G.DEAL.Q 

G.DEAL.8 

G.MUL.8 

G.MULADD.8 

G MULADD.8 

G. COMPRESS. 16 

S.64 

A. ADD 

A.ADD 

BNE 



r2.0(r8) 

r2.r2.r3 

r4.16(r8) 

f6.r4,r5 

r2.r2.r6 

f4.r3.r7 

r6.r2.k0 

r6.r3.k1.r6 

r6.r4.k2.r6 

r6.r6.8 

r6.0(r9) 

r8.32 

r9.8 

r8.r10.1b 



#kOk1...k0k1k2O0...k2O0 

#kOk1...k0k1k2O0...k2O0 

#k0k0...k0k0k1k1...k1k1 

#k2k2...k2k20000...0000 



#toss away low precision 



The above sequence is 8 cycles and writes 8 pixels, or 1.0 pixels/cycle. 
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int i: 

for (i=0. i!=pcount: { 

dstp] . (src[4'i)-k0 ♦ sre[4'i+l)*ki + src[4-i,.2l-K21»a- 

alpha i = srcf4*i*31: 1 i] K2)>>8 - 



Which results in the following inner loop: 



L.128 

G.DEAL16 

L.128 

G.DEAL16 

G.DEAL.8 

G.DEAL.8 

S.64 

G.MUL.8 

G.MULADD.8 

G.MULADD.8 

G.COMPRESS.16 

S.64 

A.ADD 

A.ADD 

A. ADD 

B. NE 



r2.0(r8) 

r2.r2.r3 

r4.16(r8) 

r6.r4.r5 

r2.r2.r6 

f4.r3.f7 

r5.0(r10) 

r6.r2.k0 

r6.r3.Kl.r6 

r6.r4.k2.r6 

r6.r6.8 

r6.0(r9) 

r8.32 

r9.8 

M0.8 

r8.r10. 1b 



#k0k1...kOk1k200...K200 

#KOk1...KOk1K200...K200 

#k0k0...k0kOk1k1...K1k1 

#K2k2...k2K20000...0000 



Ittoss away low precision 



The above sequence is 8 cycles and writes 8 pixels, or 1.0 pixels/cycle. 
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■r^>aoe Warping 

Image warping is the general process of selectively stretching and- shrinking an 
-mage to make it appear to tit into a new shape', such as Leeched around " 

he image decimated in either the x or y direction, or both. Th ^images get snSle 
and smaller going right and down in the array, until the image reaves a stn^ dot 




In the sections below, we explore two parts of the problem, the creation of the 
array containing this decimated image, and the antialiased selection of items in the 
table. These are the pans of the process which must be performed in real time for 
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real-time application of this process, the creation n ( r ^ . 

be precomputed. and are a Action of the rendering ^"£3 

Cecirrsj-nn or ,v oncc ^^^ p £Igce 

The process of generating the decimated ima» P c ,h„.- l j- , ■ - 
parts, decimating in the horizontal direction on" and A "^t ,nI ° ™? 

direction onlv. The former generates aN rh!> M t de L cimat, , n g ln 'he vertical 
image, and the latter generates the \Jl C ° the nghr of che ori § inaI 

This divides the Droblem fnto nrVn g l °° kS tr ° m those in the t0 P ™. 
which is a great aSa ™ because rhl ' Cach - usin * one-dimensional filtering, 
with the sue of the f ?£ funct on r "rlT^ ° f com P utatJOn 8™» only lineariv 
dimensional filtering. tha " ^adratically. when using two- 

selected so that k0+kl+k2+k3+k4 - £ ^"li These Vve,ghts - k0 " k4 - are 

weighted sum is truncated rather Than m °, VC , rflovv does ™ occur. The resulting 
overflow. ' " ther Chan rou "ded. again, to avoid the possibility ot 

vsifl HorizontalOecimationMonochrometintS s - mr ft 

, nt , j J* k0 inte k1 - *nt8 K2. intS k3. n: S w") , ' SfOW - ,nt drcw ,nI Pcount. 

for (k=0.i=0: k!=pcouni; ) | 
'or (j=0. |!=drow; j++) { 

dst[k+ + ] = (src[i-2J-kO ♦ srcfi-IJ-kl ♦ src[i]-k2 * 
, +=2 srcfi + l]-k3 + src[^2J-k4 )>>& 

I 

i + = srow-drow-drow. 

! 

Which results in the following inner loop: 

1: L120 r6.-2(rS) 

G.DEAL.8 f 6.r6 r7 

G.MUL.8 r4.r6k0 

G.MULADD.8 r4 r7 k1 r4 

rnA, c r6 - 0(r9) ' 
G.DEAL.8. r6.r6 r7 

G.MULADD.8 r4.r6.'k2 r4 

G.MULADD.8 r4.r7 k3 r4 

L-128 r6.2(r8) 

G.DEAL.8 r6.r6.r7 

G.MULADD.8 r4.r6 k4 r4 

G.COMPRESS.16 ^.^8 ' 

S.64 r4.0(r9) 

A.ADD r8 .i 6 

A.ADD r9. 8 

BN E fS.r10.1b 

pixels/cycle.) P ^ the ratC 15 6 cydes P er 8 P^els. or 1.3 
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When decimating in the vertical direction, the rate is even higher still: 

vcd VerticalDecirnaticnMcnoc^rorneantS '$:z. ;m 9 'ds;. :nt srow. , ns drow m; cccurt 
mtS KO. iri8 kl. inta k2. :r.:S k3. m;8 k4j | ^ C ~ jni - 
:nt i.j.k; 

fcr (k=0.:=G. k'=pcount: ) j 
fcr (;=0 j!=arow; )+ + ) j 

dsi[k^.j = (src[i-2-5rrw)-kC - srcfi-srowpkl ♦ src[ij # k2 r 
3rc(i+srcv;;'k3 * src;i-2-$rcwj'k4 )>>8; 



1 + -*-. 



i-*-=srow+srow-drow: 



Which results in the following inner loop: 



A. SUB 


r2.r8.rcv/t2 


L.64 


r3.Gf:2) 


G.MUL.8 


r4.r3.k0 


A. SUB 


r2.r8.rov/ 


L64 


r3.Cf.'2) 


G.MULADD.8 


r4.r3.k1.r4 


L.64 


r3.0(r8) 


G.MULADD.8 


r4.r3.k2.r4 


A. ADD 


r2.r8.row 


L.64 


r3.0(r2) 


G.MULADD.8 


r4.r3.K3.r4 


A. ADD 


r2.r8.rowt2 


L.64 


r3.0(r2) 


G.MULADD.8 


r4.r3.k4.r4 


G.COMPRESS.16 


r4.r4.8 


S.64 


r4.0-8(r9) 


A.ADD 


r8.8 


A. ADD 


r9.8 


B.NE 


r8.rlO.1t) 



This runs in 6 cycles per 8 pixels, or 1.3 pixels/cycle. (For 3 pixels wide, the rate is 
4 cycles per 8 pixels, or 2 pixels/cycle.) 

To generate the decimated array shown above, for a n 2 image, n 2 pixels are 
generated in the horizontal direction, and 2n 2 pixels are generated in the vertical 
direction. Using 5 pixel filter functions, this takes: n 2 /0.9 + 2n 2 /1.3 = 
n 2 *(l/0.9+2/1.3) = 2.63*n 2 cycles. Thus, a 1024 2 i mage can be decimated in 2.8 
M cycles. 

It is also possible to simultaneously decimate in the vertical and horizontal 
direction. While this may be more expensive that separately decimating in each 
direction, it permits the use of filter functions which do not "factor into two parts. 
For this example, we assume a 2:1 decimation rate in each direction, and 2 3x3 
filter kernel Real applications of decimation may use larger filter kernels, but this 
size serves to illustrate the techniques used. We assume here that pcount is a 
multiple of drow, and that drow<srow/2.. 

void DecimateMonochrome(int8 *src. mt 8 "dst. int srow. int drow. int pcount 
int8 kOO. int8 kOl. int8 k02. 
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mt3 klO. mtS kll. mtB M2. 
»ni3 k20. mtS k2l. mt8 k22) ! 
•nt i.j.k: 

for (k=0.:=0. k!=pccunt: ) { 
fcr (j=0. f!=drow: ]++) ( 

srqi-ij k10 - src:»] <1 ' ^ srciir1|'kl2 - 
^^src[i*3row-1J-k2Q - src:.-srcwj-k 2 1 * srcji+srcv 1]-k22)»8: 

I 

i+»2*(srow-<jrow): 



Assembler code tor inner loop: 

1: A. SUB r2.r9.srow 

L-123 r6.-1(r2) 

G. DEALS r6.r6.r7 

G.MUL.3 r4.r6.k00 

G MULADD.8 r4.r7 kQ1 r4 

L '28 r6.1(r2) 

G. DEAL. 8 r6.r6.r7 

G MULADD.8 r4.r6 k02 r4 

L- 128 r6..1(r8) 

G. DEAL. 3 r6.r6.r7 

G MULADD.8 r4.r6 k10 r4 

G. MULADD.8 r4.r7.kn r4 

L.I 28 r6.1(r8) 

G.DEAL8 r6.r6.r7 

G. MULADD.8 r4.r6.k12.r4 

A.ADD r2.r8.srow 

L.128 r6.-1(r2) 

G.DEAL.8 r6.r6.r7 

G. MULADD.8 r4. r6 kOO r4 

G. MULADD.8 r4,r7.k01 r4 

L.128 r6 J (r2) 

G.DEAL.8 r6.r6.r7 

G. MULADD.8 r4.r6.k02 r4 
G. COMPRESS. 16 r4.r4.6 

5-64 r4,0(r9) 

A. ADD r8.16 
A .ADD r9.8 

B. NE r8.r10.1b 



After some reordering of the address calculation instructions, the inner loop is 16 
cycles per 8 pixels, or 0.5 pixels/cycle. Note that for 2:1 decimation in each 

pi^^cvck * UmeS ° CXpreSSed in terms of the ^put P ixcl raie: 2 0 

Because the filter function is an odd-number of pixels wide, 1/4 of the multiply 
bandwidth is effectively unused. For a 5x5 filter function, this would drop to 1/6 
unused, and for an even number of pixels wide, none would be wasted. Compared 
to the two-dimensiona filtering case, the multiplier bandwidth is less utilized 
ddY m muln P her re 9 ui red the additional DEAL operations to be 
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Degrrp-r-n pf Color -r^-ge 

Our first example is the one-dimensional horizontal filter. We use a 5-point filter 
specified by coelhcients k0..k4 to specify the filter. These weiehts. kO k4 are 
selected so that k0-kl-rk2^k5-k-t = 256. so overflow does not occur. The resulting 
weighted sum is truncated, rather than rounded, again, to avoid the possibility of 



overflow. 

vcic Hcri2cr^;Dec.mationCclcri,ni9 "sr: ;r; 5 'dst. ; nt srcw. mt drew ;n: pcoum 
• mtS kG. mte kl. mt8 k2. in:9 K3. :n:5 k4) I 
int i.j.k. 

for (k=Q.r=0. k! = pcount; ) ( 
for (j=0: |!=drov/: | 

dstfk*-] = (5rc(i-8J'kO + 3rcfi-4]-ki + src[i]*k2 + 
src[i4.a)-k3 + src{i-p3J'k4 )»8: 

3stfk*-j = (srcfi-a)-kO - src^J'ki 4- srcft]*k2 + 
src[i + 4j*k3 * src:>3)-k4 )»8:" 

zs:[k++\ = (src[i-8]-k0 * sr^J'kl + src(«]'k2 * 
src[i+4J-k3 * src[»*3j'k4 )>>3: 

. dst[k++j = (src[i-8]'k0 * srcii-4]-kl + src[i]*k2 * 
src[i+4)*k3 + srcf:+3j'k4 )>>8 

i+=5; 

) 

i+ = 4'(srow+srow-drow-drow); 

} 

Which results in the following inner loop: 

1 - L 128 r6.-8(r8) 

G.DEAL32 r6.r6.r7 

G.MUL.8 r4.r6.k0 

G MULADD.8 r4,r7.k1 r4 

L-128 r6.0(r8) 

G. DEAL 32 r5.r6.r7 

G MULADD.8 r4.r6.k2.r4 

G. MULADD.8 r4.r7.k3.r4 

L.T28 • r6.8(r8) 

G.DEAL.32 r6.r6.r7 

G. MULADD.8 r4.r6.k4.r4 
G.COMPRESS.16 r4.r4,8 

S.64 r4.0(r9) 

A. ADD r8.16 

A. ADD r9.8 

B. NE r8.r10.1b 

This inner loop is 9 cycles per 2 pixels, or 0.2 pixels/cvcle, when the filter kernel 
size is 5 pixels wide. (For 3 pixels wide, the rate is 6 cycles per 2 pixels or 0 3 
pixels/cycle.) 

When decimating in the vertical direction, the rate is even higher still: 

void VerticalDecimationColor(int8 'src. int 8 'dst. int srow. int drow int pcount 
ini8 k0. mt8 k1. int8 k2. int8 k3. int8 k4) { 
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?n: i.j.k: 

l cr (k=0.:=0. k:=pccunt: ) j 
for (j=0. j»=4-arow: ■ 

dst[k + +] = (srcfi-rsrcv.i-kC - src^srowj'k: . 3 rc[i]-k2 . 
src[i+^ s rcv/j <3 - src[i+3-SfCw]-k4 )»6 

' -i- = 4 *f 5rc*.v - src w-drou i 

j 
i 

♦ 

Which results in the following inner loop: 

1. A. SUB r2.rS rov/tS 

L-64 r3.0(r2i 

G.MUL.3 r4.r3 k6 

A SUB r2.r3.rc-.vM 

L-64 r3.0(.-2) 

G.MULADD.8 r4.r3.k1 ri 

L-64 r3.0(.'3) 

G.MULADD.3 r4 r3 -2 '4 

AA DD r2.r8.rcw;- 

164 r3.0(r2) 

G.MULADD.8 r4.r3 k3 r4 

AA °D r2.r8.rowt8 

L- 64 r3.Q{r2) 

G.MULADD.8 r4.r3 k4 r4 
G.COMPRESS.16 r4.r4.8 

S-64 r4.0-8(r9) 

BNE r8.r10.1b 

This runs in 6 cycles per 2 pixels, or 0.3 pixels/cycle. (For 3 pixels *-ide the rate is 
A cycles per 2 pixels, or 0.5 pixels/cycle.) 

To generate the decimated array shown above, for a n? image. n 2 pixels are 
generated m the horizontal direction, and 2 n 2 pixels are generated in the vertical 
direction. Using 5 pixel filter functions, this takes: n2/0 ? - 2n2/0 3 = 
^1/0.2*2/0.3) = 10.5*n2 cycles. Thus, a 10242 i mag e can be decimated in l~l 

The last example in this section decimates a color signal in both directions 
simultaneously. We assume a 2:1 decimation rate in each direction, and a 3x3 Ter 
kernel. Real applications of decimation may use larger filter kernels, but this size 

^fe&SSg" used - We aisume hra ,hat pco *"< * ' -*w 

void DecimateCoior(int8 'src. int 8 'dst. .nt srow. int drow .nt pcount 
int8 kOO. int8 kOl. int8 kG2 M 
int8 k10. int8 k1l. int8 k12. 
int8 k20. int8 k2l, int8 k22) { 
int i.j.k: 

for (k=0.i=0: k!=4*pcount; ) ( 
for (j=0: j!=drow: j++) | 

dSttk rl = ^ C Jln ,SrOW n rk0 ° * src[i-4-srow]-k01 + 8rc[i-4-srow*4|-k02 * 
src[i-4]-k10 + SfC[i]"k11 + src[i+4)*k12 + 
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src[i+4'srD-.v4]^20 - src[U4'srcwl*k21 * 5rci^-t-3rc.v+4i-k22)»3: 

i -*--*■ . 

dstfk— ».j=(srcfi^'5fc.v.-;-k:G ^ SfC(i-4"srowJ % kGi - src{i-4*srcw^4]-kG2 + 
src[i-4]'k1G r src;:/kii * src(i+4]'kl2 * 

srcri+4*srcw-4]-k2C - srcii-rA*srowJ*k2l - Sfc[i-4-3rcv/*4?*k22)»8: 
»+ + . * 

dst[k+4.]a(src[M-src-.v^;-kCG + src[i-4'srcw|*k3l T src[i-4-5row-J]*k02 + 
src[i-4]-k10 - srcf:j'kn a. src[i+4)*k12 + 

src[i+4-5rcw-4]-k2C - src[i+4- S row]-k2l + srch+4-srcv^.ipk2?)>>3- 

dst[k*.J s (src{i-4*srcw-i:-kCG + src[i-4-srow|'k0l * 5rcfi-4-3rcw^4j*k02 + 
src[i-4J*k10 - src[i)"kl1 ♦ src[i+4)-k12 + 

src(i+4-srow-4]-k2G - src[t+4- S fow]*k21 + srcfi+4-srsw+4rk22)»3 

«+=5: 

I 

i+=4"(srow+srow-drcw-drcwj 

I 

I 

Assembler code for inner loop: 



A.SUB 


r2.fS.3:3v/ 


L. 128 


r6.-4(r2) 


G.DEAL.32 


r6.r6 


G.MUL.8 


r4.r6.kG0 


G.MULADD.8 


r4.r7.k01.r4 


L.128 


r6.4fr2) 


G.DEAL.32 


r6.r6 


G.MULADD.8 


r4.r6.kG2.r4 


L.128 


r6.-4(rfl) 


G.DEAL.32 


r6.r6 


G.MULADD.8 


r4.r6.k1C.r4 


G.MULADD.8 


r4.r7.k1l.r4 


L.128 


r6.4(r8) 


G.DEAL.32 


r6.r6 


G.MULADD.8 


r4.r6.kl2.r4 


A. ADD 


r2.r8.srov/ 


L.128 


r6.-4(r2) 


G.DEAL.32 


f6.r6 


G.MULADD.8 


r4.r6.k00.r4 


G.MULADD.8 


r4.r7.k0i.r4 


L.128 


r6.4(r2) 


G.DEAL.32 


r6.r6 


G.MULADD.B 


r4.r6.k02.r4 


G.COMPRESS. 16 


r4.r4.8 


S.64 


r4.0(r9) 


A.ADD 


r8.16 


A. ADD 


r9.8 


B.NE 


r8.r10.1b 



After some reordering of the address calculation instructions, the inner loop is 16 
cycles per 2 pixels, or 0.12 pixels/cycle. 

Fractional Interpolation 

This section is under construction. 
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Imaae Compression Applications 

The following examples demonstrate kev portions of IPEG and MPEG ima^e 
compression applications. Both IPEG ar.d MPEG applications relv on rhe use of a 
2-dimensional Discrete Cosine Transiorm I DCT) to transform raster-image data 
into a frequency-based representation that is more amenable to entropy coding. 

The following examples demonstrate several applications, listed below in summarv 
form w,th the performance estimated. The estimates assume sinde-cvcle loads 
and stores, that is. they do not account for losses due to cache misses. 'However, 
toe memory reference patterns are very uniform, and with prefetching thev could 





cycles per 
Dixel 




0.4 


1-D Fixed-point 8-pomt Discrete Cosine Transform 


1.0 


2-D Fixea-point 8-by-8 Discrete Cosme Transform 


2.8 


1-D Mcatinq-pomt 8-oomt Discrete Cosine Transiorm 


0.6 


d-u i-ioatmg-point 8-bv-8 Discrete Cosine Transform 


1.9 


^-u i-ixea-point 8-bv-8 Discrete Cosine Transform for JPEG 


2.3 


t-u i-ioatinq-DOint 8-bv-8 Discrete Cosine Transform for JPEG 


1.4 



Interns! Bx8 Matrix Transpose 

A 2-dimensional DCT can be performed on an 8-by-8 matrix of data bv doing a 
series of 1 -dimensional DCTs on each of the 8 rows of the matrix, and on each" of 
the 8 columns of the matrix. A useful means to implement these operations is to 
perform a DCT on the rows (or columns) of the matrix, transpose the matrix, then 
perform a second, identical DCT. then transport the matrix again. 

This example details the transposition of an 8-by-8 matrix of 16-bit values stored 
ln memor y- The , calculation is performed entirely in registers, using 
j f t m S" ucuons and a technique described in 60, i n " which the first and 
second halves of the matrix are shuffled log2iN times. 

Assume the matrix originally is in the order: 

0 1 2 3 4 5 6 7 

8 9 10 11 12 13 14 15 

16 17 18 19 20 21 22 23 

24 25 26 27 28 29 30 31 

32 33 34 35 36 37 38 39 

40 41 42 43 44 45 46 47 

48 49 50 51 52 53 54 55 

L 56 57 58 59 60 61 62 63 



^Stone. Harold. -Parallel Processing with the Perfect Shuffle.- IEEE Transactions on 
Computers. Vol C-20. No. 2. February 1971. 155 
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Alter one shuffling, the matrix is in the order: 



0 32 

4 36 

5 40 



1 33 
5 37- 
9 41 



2 34 
6 38 



3 55 
7 39 



10 42 II 43 



12 44 15 45 14 46 15 47 

16 4S 17 49 IS 50 19 51 

20 52 21 55 22 54 23 55 

24 56 25 27 26 58 27 59 

L 28 60 29 61 30 62 31 63 



.Alter a second shuffling, the matrix is in the order: 



0 16 32 4S 
2 18 34 50 
4 20 36 52 
6 22 38 54 
8 24 40 56 
10 26 42 53 
12 28 44 60 
14 30 46 62 



1 

3 
5 
7 
9 



Alter a third shuffling, the matrix is in the order: 



17 33 49 
19 35 51 
21 37 53 
23 39 55 
25 41 57 
11 27 43 59 
13 29 45 61 
15 31 47 63 



0 8 16 24 52 40 48 56 

1 9 1/ 25 33 41 49 57 

2 10 18 26 34 42 50 58 

3 11 19 27 35 43 51 59 

4 12 20 28 36 44 52 60 

5 13 21 29 37 45 53 61 

6 14 22 30 38 46 54 62 
i- 7 15 23 31 39 47 55 63 J 

C code for procedure: 

void Matrix8By8Transpose(int16 *src inM6 *dst) I 
intte tm0[64]; ' 1 

inn 6 tm1[64] ; 
int i. 

I 0 ' ! i= 2 : 1 tm0[2 *^ = src ^ : = src[i+32] ) 

or i=0: k32: { tml[2'i] = tm0[i]; tmi|2'i + 1] = tm0[i+32]- } 
f for (,=0; ,<32; | dst[2N] = tm1[i] ; ds:(2^1] I \m^32}:\ 

Assembler code for procedure: 

_Matrix8By8Transpose: 

L.128.1 r4,r2,0 

L.128.1 r12. r2 64 

G.SHUFFLE.8 r20.r4.rl 2 

L.128.1 r6.r2.16 

G.SHUFFLE.8 r22.r5.r13 

L128.I r14.r2.80 

G.SHUFFLE.8 r24.r6.rl4 

L. 128.1 r8.r2.32 



# 00 01 02 03 

# 32 33 34 35 
00 32 01 33 
08 09 10 11 
04 36 05 37 
40 41 42 43 
08 40 09 41 
1.6 17 18 19 



04 05 06 07 
36 37 38 39 
02 34 03 35 
12 13 14 15 
06 38 07 39 
44 45 46 47 
10 42 11 43 
20 21 22 23 
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G^SHUFFLE.3 r25.r7.f-5 4 12 44 ; 3 4 5 u 46 15 47 

L r^cl , c -i c a f ;5-'f * 48 4 9 50 5 1 52 53 54 55 

G.SHUFrLE.3 r2= :3.r:6 * 16 48 17 49 18 50 19 51 

L r eul-cn r 0 'l^ 2 " 5 * 24 25 26 27 23 29 30 31 

aSHUFrLE.3 rj^.rg.rV * 20 52 21 53 22 54 23 55 

L i 28 w c m r I; r2 - 112 » 56 5? 53 59 60 61 62 63 

G.SHUFrLE.o r^2.r: w .f :3 * 24 56 25 57 26 53 27 59 

- 28 60 29 61 30 62 31 63 



G SHUFFLE. 3 r34.r:i ;ta 



r funS-H r : r2C '2B # 00 16 32 48 01 17 33 49 

r luHca c o T l T ll T P # 02 13 34 50 03 19 35 51 

r cunrac 2 ;B : 2 l^° 4 04 20 36 52 05 21 37 53 

S'S" rl2.r24.r32 4 08 24 40 56 09 25 41 57 

GaHUFFLE.3 r14.r25.rj3 4 10 26 42 53 11 27 43 59 

G.SHUFFLE.8 r1o.r26.r34 # ^2 28 44 60 13 29 45 61 

G. SHUFFLE. 8 r13.r27.r23 * 14 30 46 62 15 31 47 63 

G.SHUFFLE.3 r20.r*.r:2 * 00 08 16 24 32 40 48 56 

S. 1 28.1 r20.r3.j 

G ^SHUFFLE. 3 r22.r5.-:3 4 01 09 17 25 33 41 49 57 

S. 128.1 r22.r3 .16 

G S12S F | FLE 8 I4 3 3 U * 02 10 18 26 34 42 50 53 

G^SHUFFLE.3 r26.r7.M5 # 03 1 1 19 27 35 43 51 59 

S. 128.1 r26.r3.48 

G SHUFFLE. 8 r28.r8.r16 #04 12 20 28 36 44 52 60- 

S. 128.1 r28.r3.6^ 

G.SHUFFLE.8 r30.r9.r17 # 05 13 21 29 37 45 53 61 

S. 128.1 r30.r3.8G 

G.SHUFFLE.8 r32.r10.rl8 # 06 14 22 30 38 46 54 62 

S. 128.1 r32.r3.96 

G.SHUFFLE.8 r34.r11.r19 #07 15 23 31 39 47 55 63 

S- 128.1 r34.r3.H2 

B rO 

The resulting code transposes an 8-by-S matrix using 25 cycles. 

1 -Dimen sions! Oisrrate Cosine Transform 

The following code is based upon the Independent JPEG Group's software 
jtwddct.c 6l , using 16-bit multiplies generating a 32-bit result, 
include 'jinclude.h' 

#define RIGHT_SHIFT(x.shft) ((x) » (shft)) 

#<3efine LG2_DCT_SCALE 15 /• lose a little precision to avoid overflow 7 

#defineONE ((INT32) 1) 

#define DCT_SCALE (ONE << LG2_DCT_SCALE) 

/* In some places we shift the inputs left by a couple more bits. 7 

/* so that they can be added to fractional results withcut too much 7 

/* loss of precision. 7 

#define LG2JDVER SCALE 2 

tfdefine OVERSCALE (ONE « LG2 OVERSCALE) 

#define OVERSHlFT(x) ((x) «= LG2.0VERSCALE) 

6l Copyright (C) 1991. Thomas G. Lane. 
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" Seals a fractional constant ov DOT SCAL- '! 
define FIX(x; ((INT32) ((x) • DCT.SCALE j.5i) 

.-" Scale a fractional constant oy DCT.SCALE/OVERSCALE V 
; * Sucn a constant can be multiplied with an cverscalea input 7 
."• to produce something that's scaled by OCT SCALE 7 
taefr* FIXO(x) ((IMT32) ((x) ■ DCT_SCALE / OVERSCALE + 0.5)) 

Descale and correctly round a vs:ue ;ha:'s scaled by DOT SCALE 7 
■aenne UNFIX(x) RlGHT_SHIF7«xj + jONE « (LG2_DCT_SCALE-1)). LG2_DCT_SCALEi 

Same with an additional division ov 2. ie. correctly rounded UNFlX(x/2) 7 
define UNFIXH(x) RIGHT_SHIFT((x) ^ (CNE « LG2_DCT_SCALE). LG2_DCT_SCALE-r t ) 

/• Take a value scaled by DCT_SCALE and round to integer scaled by OVERSCALE •/ 
♦define UNFlXO(x) RiGHT_SHIFT((x> + (ONE « (LG2 DCT SCALE- 1-LG2 OVERSCAN) \ 
LG2.DCT.SCALE-LG2.0VERSCALE) 

r Here are the constants we neea 7 

/• SIN J j is sine of rpi/j. scaled by CCT_SCALE 7 

,"■ COSJj is cosine of i'pi/j. scaled by DCT_SCALE 7 

#define SIN_1_4 FlX(0.70710678l) 
^define COS_1_4 SIN^1_4 

^define SIN_1_8 FIX(0.382633432) 
#denne COS_1_8 FIX(0.923879533) 
#de(me SIN_3_B COS 1 8 
#defme COS_3_8 SINmIs 

#defme SIN_1_16 RX(0. 195090322) 
#define C0S_1_16 FIX(0.980785280) 
#define SINL7_16 COS.J 16 
Adeline COSJMS SIN_06 

^define SIN_3_16 FIX(0.555570233) 
Adeline COS_3_16 FIX(0.831 46961 2) 
#define SIN_5_16 C0S_3_16 
^define COS_5_16 SIN_3ll6 

r OSINJJ is sine of rpi/j. scaled by DCT_SCALE'OVER SCALE 7 
r OCOSJJ is cosine of i*pi/j. scaled by DCT_SCALE/OVERSCALE 7 

^define OSIN_l_4 FIXO(0.707106781) 
#defme OCOS__1_4 OSINM.4 

^define OSIN_1_8 FIXO(0.382683432) 
#define OCOS_1_8 FIXO(0.923879533) 
#define OSIN_3_8 OCOS_1 8 
#define OCOS_3_8 OSIN_1_8 

^define OSINM_16 FIXO(0. 195090322) 
^define OCOS_1_16 FIXO(0.980785280) 
#derme OSIN 7 16 OCOS 1 16 
#define OCOS_7_15 OSIN.1.16 

^define OSINJ3.16 FIXO(0.555570233) 
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^define 0C0S_3_16 FtXOfO 331^695:2) 
^define OSIN_5 lo 0C0S_3_16 
define OCOS_5 1c OSIN 3 16 



• Partem a 1 -dimensional DCT. 

• Note :ha; tnis ccae is specialized ;c :ne case DCTSiZE = 8. 

INLINE 
LOCAL void 

fasLdc:_8 (DCTELEM 'm. int stride) 
f 

/• many imps have ncnoverlappmg liretirr.g - flashy reaisre' -aiourer* 
• should be able to do this lot very wen ~ tourers 

7 

INT16 inO. in 1. m2. in3. in4. in5. in6. m7: 

iNT1£ rmpO. tmpl. tmp2. tmp3. tmc4, tire 5 -rr.ee tmo 7 

INT16 tmplO. tmpn, tmp12. tmpi3: 

INT16 tmpi4. tmplS. tmp16. tmp17 

INT 16 imp25. tmp26: 

inO = sn[ 0); 
in 1 = m[stride J: 
m2 = m(stride'2; 
in3 a m[stride'3^ 
in4 r in[stride*4' 
mS = infstride'S' 
in6 = in[stride*6; 
in7 = in[stride*7| 

tmpO = in7 + inO; 
tmpl = in6 + in1 ; 
tmp2 = in5 + in2: 
tmp3 = in4 + in3: 
tmp4 = in3 - in4; 
tmp5 = in2 - in5: 
tmc6 = in1 - in6: 
tmp7 = inO - in7: 

tmplO = tmp3 + tmpO: 
trnpn = tmp2 + tmpt: 
tmp12 = tmpl - tmp2; 
tmp13 = tmpO - tmp3; 

in[ 0] = (DCTELEM) UNF1XH((tmp10 + rmpH) - SIN 1 4V 
in[stride'4} = (DCTELEM) UNFIXH((tmp10 - tmp11) • COSll_4); 

in[stride-2] = (DCTELEM) UNFIXH(tmp13-COS 1 8 + tmpl2'SlN 1 8V 
in[stride # 6] = (DCTELEM) UNFIXH(tmpt3-SINJL8 - tmpi2"COS Jl.BJi 

tmp16 = UNFIXO((tmp6 + tmp5) ■ SIN l 4)* 
tmpiS = UNFIXO((tmp6 - tmp5) ' COS^f 4); 

0VERSHIFT(tmp4); 
OVERSHIFT(tmp7): 
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' :rr,p4. r.mc7. tmpl5. trr.pi 6 are :v5rsc3J5C cy OVERSCALE ": 

rrcU = tmp4 + tmplS. 
~o25 = ?mp4 ♦ {mot 5: 
.t.c-26 = crr,p7 - tmp16; 
~.pl7 = tnp7 + tmp16: 

r.[sirice I »(DCTELEM)UNRXHftT.pl7-CCGS 1 16 + Impu-OSIN 1 16) 
risrnce-7) = (DCTELEM) UNRXH(:~c : 7-QCOS 7 16 - tmol4-OSIN"7~l6> 
n.s:nce-5] = (DCTELEM) UNRXW:.t.c25-C-COSZ5"i6 + ^c25'OSIN s" 16) 
r. L ssn(39*3J = (DCTELEM) UNFIXH(trr.c25-OCOS 3 16 - tmo25-OSIN 3 ~16) 



Perform the forward OCT on cne block of sampies. 

A 2-D DCT can be done by 1-D DCT en each rev; 
fcilcv/ed by 1-D DCT on each cclurr.n 



GLOBAL void 

jJv/CLdct (DCTBLOCK data) 

:nt i: 

for {, = 0: i< DCTSlZE: i++) 
fasLdct_8(data+i r DCTSIZE. 1); 

for (i = 0: k DCTSIZE: i++) 
rasLdct_8(data+i. DCTSIZE): 



The assembler code for the above procedure, called with stride=8, is as follows: 



jast_dct 8: 

L. 128.1 

L.128.1 

L128.I 

L128.I 

L.12B.I 

L128J 

L.128.1 

L.128.1 

G.ADD.16 

G ADD.16 

G.ADD.16 

G.ADD.16 

G.SUB.16 

G.SUB.16 

G.SUB.16 

G.SUB.16 

G.ADD.16 

G.ADD.16 

G.SUB.16 

G.SUB.16 

G.ADD.16 

G.MULADD.16 

G.MULADD.16 



r4.r2.0 

r6.r2.16 

r8,r2.32 

r10.r2.48 

r12.r2.64 

r14,r2.80 

r16.r2.96 

rl8.r2.1 12 

r20.r18.r4 

r22.rl6.r6 

r24.r14.r8 

r26.rl2.r10 

r28.rl0.r12 

r30.r8.M4 

r32.r6.r16 

r34.r4.r18 

r36.r26.r20 

r38.r24.r22 

r40.r22.r24 

r42.r20.r26 

r48.r36.r38 

r44.r48.SSlN 

r46.r49.SSIN 



# inO = in[ 0]; 

# ml = in[stride ); 

# in2 = in[stride'2]; 

# rn3 = in(stride'3]: 

# in4 = infstride'4]: 

# in5 = in[stride*5]; 

# in6 = in[stride'6J; 

# in7 = in[stride*7]; 

# tmpO = in7 + inO; 

# tmp1 « in6 + in1: 

# imp2 m in5 + in2: 

# tmp3 = in4 + in3: 

# tmp4 = in3 - in4: 

# tmp5 s in2 - in5: 

# tmp6 s in1 - in6: 

# tmp7 = inO - in7: 

# tmp10 = tmp3 + tmpO: 

# tmpn = tmp2 + tmpl: 

# tmp12 = tmpl - tmp2: 

# tmp13 = tnnpO * tmp3; 

# = innpio + tmpn 
.1.4.S32768 
.1.4.532768 
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G. EXTRACT. 1. 16 
S.12S.I 
G.SUB.16 
G.MULADD.16 
G MULADD.16 
G. EXTRACT. 1. 16 
S. 128 I 

G MULADD 16 
G MULADD.16 
G MULADD.16 
G.MULADD.16 
G EXTRACT. 1. 16 
S 129 I 

G.MULADD.16 

G.MULADD.16 

G.MULADD.16 

G MULADD.16 

G.EXTRACT.1.16 

S. 128.1 

G.ADD.16 

G.MULADD.16 

G.MULADD.16 

G.EXTRACT.1.16 

G.SUB.16 

G MULADD.16 

G.MULADD.16 

G.EXTRACT.1.16 

G.SHL.16 

G.SHL16 

G.ADD.16 

G.SUB.16 

G.SUB.16 

G.ADD.16 

G.MULADD.16 

G.MULADD.16 

G.MULADD.16 

G.MULADD.16 

G.EXTRACT.1.16 

S 128.1 

G.MULADD.16 

G.MULADD.16 

G.MULADD.16 

G.MULADD.16 

G.EXTRACT.1.16 

S.128.! 

G.MULADD.16 

G.MULADD.16 

G.MULADD.16 

G.MULADD.16 

G.EXTRACT.1.16 

S. 128.1 

G.MULADD.16 

G.MULADD.16 

G.MULADD.16 

G.MULADD.16 

G.EXTRACT.1.16 

S. 128.1 

R 



-2.: 



r-6.r25.r23 = = trrc ;C - 
.*44.r4.3.5CGS_ *>-~ 53276c 
r -5.r49.5CC5_ 53276= 



srnci 



r44.r--i.r4c 
r44.r2:54 



16 



2.SCOS_i_=.532 



infs;ride"4j 



CO 



f46.r43.SC03.1.3. 332763 

r46.r4:.SSiNM_3.r45 
r44.r44 r46. 1 6 

r^4.r2.32 # in[str;d«*2] = 

r44.f42.SSIN_i_8.$32768 

r*6.r43.SSIN_1„8.332763 

r44.r40.S-CCS.l_8.r44 

r46.r4l.5-CCS_1_3.r46 

r44.r44.r4c. 16 

r44.r2.96 # mfstride'S] = 
r48.r32.r3G * = tmp6 - tmp5 
r44.r4fl.$SiN_l_4. 54096 
r46.r49.3SiN.1_4. $4096 
r44.r44.r45. 14* * imp16 
r48.r32.r30 # - tmoo - tmp5 
r46.r48.SCOS_1_4. 54096 
r48.r49.5COS 1 4. $4096 
r46.r46.r46. 
r28.r28.2 
r34.r34.2 
r48.r28.r46 
r50.r28.r46 
r52.r34.r44 
r54.r34.r44 

r44.r54.$OCOS_1_ 16.532768^ 
r46.r55.SOCOS_1 16.S32763 
r44.r48.SOSINM 16.r44 
r46.r49.50SIN_1_l6.r46 
r44.r44.r46. 16 

r44.r2.16 # mfstnde] = . 
r44.r54 ( $OCOS_7_16.S32768 
r46.r55.SOCOS 7 16.532768 
r44.r48.S-OSlN_7 16.f44 
r46.r49.$-OSlN_7 16.r46 
r44.r44,r46.16 

r44j2.112 # in[stride'7] = 
r44.r52.30COS_5_1 6.532768 
r46.r53.SOCOS_5_16.532768 
r44.r50.SOS!N 5 I6,r44 
r46.r5 1.SOSIN_5ll6.r46 
r44,r44.r46.15 

r44.r2.80 # in[stride-5] = 
r44.r52.$OCOS_3 16. $32768 
r46.r53.$OCOS.3 16.532768 
r44.r50.$-OSIN_3 16.r44 
r46.r5l.$-OSIN 3 16.r46 
r44.r44.r46. 16 

r44.r2.48 # in(stride*3] = 
rO 



J # tmpi5 = . 

# 0VERSKIFT(tmp4) 

# OVERSHIFT(tmp7) 

# tmpi4 = tmp4 + tmp15; 

# lmp25 = tmp4 - tmp15; 

# tmp26 = tmp7 - tmp16: 

# tmp17 = tmp7 + tmpl6; 
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The above code uses 10 G.ADD. 10 G.SUB. 32 G.MULADD. 10 G. EXTRACT. I. 
and 2 G.SHL instructions, which can be scheduled in 64 cycles. This code 
performs 8 1 -dimensional DCTs at once, so it can be described as performing at 
'* 64/64 = 1.0 cycles/pixel. 

2zD!±ZlS22ionsL Discrete Ccs : ^e "-zns-orm 

* 

The code lor a 2-dimensional DCT. uses che 1 -dimensional DCT above, an 8x8 
transform, a second 1-dimensionai DCT. and a second 1 -dimensional DCT. The 
load and store operations which are performed berween these steps can be 
eliminated by procedure inlining, so we can estimate the performance by counting 
the Group instructions alone, which total to 2*64+2*24 or 176 cycles. The 2- 
dimensional DCT covers 64 pixels, which works our to a rate of 2.8 cvcles/pixel 
An inverse DCT should have similar performance characteristics. 

F:ca: : ^o-ocint Discrete Cos ~ r 3nsform 

The DCT can also be pertormed using half-precision (16-bit) floating-point 
operations. In this case, the accumulation of intermediate terms is pertormed 
using half-precision floating-point, so 50% of the G.MULADD instructions and 
100% of the G.SHL and G.EXTRACT.I instructions can be removed. Also, 10 of 
the G.MULADD operations become simple G.MUL. Thus 8 1 -Dimensional DCTs 
would use 10 GF.ADD, 10 GF.SUB. 10 GF.MUL. 3 GF.MULADD, 3 GF.MULSUB 
instructions, using 36 cycles, or 0.6 cvcles/pixel and the 2-dimensional 8x8 DCT 
uses 2 "36+2*24 = 120 cycles, or 1.9 cycles/pixel. An inverse DCT should have 
similar performance characteristics. 

Further enhanceme nts when used in JPEG algorithm 

Because the output of the DCT is scanned into a linear sequence of items, the 
hnal transpose operation can easily be eliminated. This reduces the fixed-point 
DCT cost to 2*64+24 = 152 cycles, or 2.4 cycles/pixel; the floating-point DCT cost 
is reducted to 2*36+24 = 96 cycles, or 1.5 cycles/pixel. 

The following section demonstrates that the transpose cost can be reduced to 16 
cycles, by using a combination of memory loads and stores and the G.SHUFFLE 
operations, producing a fixed-point DCT in 2*64 + 16 = 144 cycles, or 2.3 
cycles/pixel and floating-point DCT in 2*36 + 16 = 88 cycles, or 1.4 cycles/pixel. 

Other Matrix Applications 

Interne! 4x4 Matrix Transpose 

This example details the transposition of a 4-by-4 matrix of 16-bit values, stored 
consecutively in memory. The calculation is performed entirely in registers, using 
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G.SHUFFLE instructions and a technique described in 62, in which che firsl and 
second halves ot the matrix are shuffled log : N times. 

Assume the matrix originally is in the order: 

0 1 2 } 

4 5 6 7 

8 9 10 11 

L 12 17 14 15 J 

Alter one shuffling, the matrix is in the order: 

0 S I 9 
2 10 3 II 
4 12 5 13 
L 6 14 7 15 J 
After a second shuffling, the matrix is m the order: 



0 
1 

2 

3 



4 8 12 

5 9 13 

6 10 14 

7 11 15 



C code for procedure: 

void Matnx4By4Transpose(intl6 "src. »nt16 'dsn I 
■nU6tmO(16]: 
inn 6 tm1(16]; 
mt i: 

for (i=0: i<8: | tmO[2*i] = srcp]: tmOT2-i+1] = src[i+8] } 
for (i=0: i<8: i + +) | dst[2*i] = tm0[ij; dst[2-.+-] = tm0[i+8];' | 

Assembler code for procedure: 

.SubMatrixTranspose: 

L. 128 I r4,r2.0 

L.12B.I r6.r2.16 

G.SHUFFLE.8 r8,r4,r6 

G.SHUFFLE.8 r10.r5.r7 

G.SHUFFLE.8 r4,r8,r10 

S.128.1 r4.r3.0 

G.SHUFFLE.8 r6.r9.r11 

S.128.1 r6.r3,16 

B r0 

The resulting code transposes a 4-by-4 matrix using 5 cycles. 

62 Stone. Harold. "Parallel Processing with the Perfect Shuffle' IEEE Transactions 
Computers. Vol C-20. No. 2. February 1971, 153 



# 00 01 02 03 04 05 06 07 

# 08 09 10 11 12 13 14 15 

# 00 08 01 09 02 10 03 11 

# 04 12 05 13 06 14 07 15 

# 00 04 08 12 01 05 09 13 

# 02 06 10 14 03 07 11 15 



on 
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A large matrix may not fit in the register rile all at once, and- even if it could the 
internal matrix transpose a gonrnm penorms O-NlogX). as each doubling of the 
matrix size requires an additional. shuttle. 

l^Zl^T^ ° f 3 h T T^W ^ imernal matrix trans P° se *l«>rithm 
h ™47 £ ^ transpose individual blocks, or sub-matrices, of a large matrix. 
b> modifying the code to specify the row size of of the matrix." 

If we consider each- element in the let: matrix below to be an 8-bv-S submatrix as 
above, the transpose of the matrix is the right matrix below, where each element 
o the right matrix is the transpose ot :ne corresponding element in the left matrix 

each of The nX? 1°' % ^ *' ^ *** 63 " e "™?™ d --place and^ 
Z mLtv Th, T tS are /f ans P C5ed ™ d . exchanged with another element in 
he matrix. Thus another useiul extension ot the submatrix transpose algorithm 
ocarions" ^ SubmatnCeS simultaneously, writing them back in exchanged 



0 12 3 4 

8 9 10 11 12 

16 17 18 19 20 

24 25 26 27 28 

32 33 34 35 36 

40 41 42 43 44 

48 49 50 51 52 

56 57 58 59 60 



5 

13 



6 7 
14 15 
21 22 23 
29 30 31 
37 38 39 
45 46 47 
53 54 55 
61 62 63 



0 
1 
2 
3 
4 
5 
6 
/ 



8 16 24 52 

9 17 25 33 

10 18 26 34 

11 19 27 35 

12 20 28 36 

13 21 29 37 

14 22 30 38 

15 23 31 39 



40 48 56 

41 49 57 

42 50 58 

43 51 59 

44 52 60 

45 53 61 

46 54 62 

47 55 63 



A preceding section describes how to transpose a 4x4 matrix, which can be easilv 
extended to handle a 4x4 submatrix by splittine the L.128I and SP8I 
instructions each into pairs of L.64.I and S.64.I instructions. The cost of the 4x4 
transpose is less than 25% of the cost of the 8x8 transpose, so an external matrix 
transpose using the 4x4 submatrix can be faster than using the 8x8 submatrix 
transpose. 

Shaded G raphics Application* 

This section is under construction. 

Mnemosvne System Application 

MicroUnity's Terpsichore system architecture uses nine Mnemosvne memorv 
devices in its base configuration, providing a nine bvte-wide paths 'between the 
processor and memory. The memory devices are used to build a 0.5 Mbyte cache 
between Terpsichore's firs t level caches and DRAM-based main memory. The 

"This modification uses A-type instructions to increment the sre pointer bv the row size between 
each L instructions, taking no additional cvcles 

"For such a case, it is useful to use the indexed addressing form, so that the same index can be 
applied to the two pointers for the L and S instructions. 
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mam memory store consists of 9. 18 or 36 banks of 1Mx72 arravs (each bank is 
eighteen 4 Mbit DRAMsl. which yields 64.12S or 256 Mbytes of ECC memory with 
8,16. or 32 Mbytes ot directory storage. 




HiBRAM l/F 

I 9 x Mnemosyne 
J 0.5M byte cache 

DRAM l/F 
DRAM array 



Terpsichore memory system app ication 



To turther expand the DRAM memory and improve the bandwidth to memorv. 
two or tour Mnemosyne memory devices may be placed in each of the nine bvte- 
wide paths Such configurations use 18. 36, 72. or 144 banks of 1Mx72 arravs 
which yields 128, 256, 512, or 1024 Mbytes of ECC memory with 16, 32, 64, or 128 
Mbytes ot directory storage. 

Mnemosyne provide sufficient address bits to support up to 16Mx72 DRAM arrav 
banks, using as large as 64M bit DRAM parts when available. In such a 
configuration, memory sizes as large as 16 Gbytes of ECC memorv can be 
constructed. 



? $l< ii t re u f s .a 64-byte cache line size. Each cache line is associated with an 
ocdet (8 bytes) of directory information, using one of the nine "Hermes channels" 
provided by a Mnemosyne device with its associated DRAM. The remaining eight 
of the nine Hermes channels concain the eight octlets (eight bvte units) of the 
cache line data. In order to provide the means to access individual ocdets of cache 
data and directory information at maximum bandwidth, the directory information 
is scattered evenly among eight ot the nine bvte lanes. 
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Tvoical Cerberus confioi [rations 



J " u . a J b ? 0t ' devi Q C «, in a t >'? ical Cerberus bus may vary from a minimum of 
about II devices <S Mnemosyne. 1 Terpsichore. 1 Calliope I FPGA 1 to a 
moderate amount ot about 40 136 Mnemosyne. 1 Terpsichore. 1 Calliope. I Hvdra 
I FPGA). or aoout 48 (36 Mnemosyne. 4 Terpsichore. 4 Calliope. 4 Hvdra 1 

Smo A pe t0 4 HydraMEPGA) ™ ^ 4 T «**»"' < 




Moderate Terpsichore system application: 
one maximally-configured processor per board 
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Terpsicnore processor 

ll±±±±i±±±±±ll n n n n n 




Moderate Terpsichore system application 
four minimally-configired processors per board 
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Maximum Terpsichore system application 
four minimally-configured processors Der board 
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Ce r berus Qerforrnanc^ 

When determining the performance or" Cerberus, this 15:1 variation in the 
numoer or devices on the bus' has a critical effect. The performance of these 
conttgurauons with a resistive termination is estimated below: 




The use of a synchronous repeater, as described previously, would result in a 
significant performance increase in the Extended system. 



406 



Case 2:05-cv~00505-TJW Document 1 49 Filed 1 0/1 5/2007 Page 10 of 47 

WO 97/07450 PCT/US96/13047 



WE CLAIM: 

1. An execution unit that maintains substantially peak data throughput 
in the unified execution of multiple media data streams, the execution unit having 
a data path, comprising: 

a multi-precision arithmetic unit coupled to the data path, the multi- 
precision arithmetic unit capable of dynamic partitioning based on the elemental 
width of data received from the data path: 

a switch coupled to the data path and programmable to manipulate 
data received from the data path, the switch providing data streahs to the data 
path; and 

an extended mathematical element coupled to the data path and 
programmable to implement additional mathematical operations at substantially 
peak data throughput. 

2. The execution unit defined in claim 1, wherein the multi-precision 
execution unit is configurable to divide the data into component symbols of various 
sizes, analyze the component symbols based upon instructions, and re-synthesize 
the component symbols for communication over the data path. 

3. The execution unit defined in claim 2, wherein the multi-precision 
execution unit is operable to perform unique operations on each component 
symbol. 



4. The execution unit defined in claim 2, wherein the mathematical 
element is operable to perform finite group, finite field, finite ring and table look- 
up operations on the symbols. 



5. The execution unit defined in claim 1, wherein the arithmetic unit is 
programmable to perform Boolean, integer and floating point mathematical 
operations. 
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6. The execution unit defined in claim 5, wherein the operations 
performed by the arithmetic unit are capable of being performed at various levels 
of precision. 

7. The execution unit defined in claim 1 , wherein the manipulation of 
data comprises copying, shifting and re-sizing data. 

8. The execution unit defined in claim 1, further comprising control to 
maximize use of the execution unit by performing operations at peak data width of 
the data path. 

9. The execution unit defined in claim 2, wherein the size of 
component symbols match. 

10. An execution unit having a data path, comprising: 
at least one register file coupled to the data path; 

a multi-precision arithmetic unit coupled to the data path, the multi- 
precision arithmetic unit capable of dynamic partitioning based on the elemental 
width of data received from the data path; 

a switch coupled to the data path and programmable to manipulate 
data received from the data path, the switch providing data streams to the data 
path; and 

an extended mathematical element coupled to the data path and 
programmable to implement additional mathematical operations at substantially 
peak data throughput. 

11. An execution unit having a data path, comprising: 

a multi-precision arithmetic unit coupled to the data path, the multi- 
precision arithmetic unit capable of dynamic partitioning based on the elemental 
width of data received from the data path; 
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means coupled to the data path for manipulating data received from 
the data path, the means for manipulating data being programmable and providing 
a data signal to the data path; and 

an extended mathematical element coupled to the data path and 
programmable to implement additional mathematical operations at substantially 
peak data throughput. 

12. A general purpose programmable media processor having an 
instruction path and a data path to digitally process a plurality of media data 
streams, comprising: 

a high bandwidth external interface operable to receive a plurality of 
data of various sizes from an external source and communicate the received data 
over the data path at a rate that maintains substantially peak operation of the media 
processor; 

at least one register file configurable to receive and store data from 
the data path and to communicate the stored data to the data path; and 

a multi-precision execution unit coupled to the data path, the multi- 
precision execution unit configurable to partition data received from the data path 
to account for the elemental symbol size of the plurality of media data streams, 
and programmable to operate on the data to generate a unified symbol output to 
the data path. 

13. The media processor defined in claim 12, wherein the execution unit 
is dynamically configurable to partition data received from the data path. 

14. The media processor defined in claim 12, further comprising: 
means for moving data between registers and memory by 

performing load and store operations, and for coordinating the sharing of data 
among a plurality of tasks by performing synchronization operations based upon 
instructions and data received by the execution unit; 
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means for securely controlling the sequence of execution by 
performing branch and gateway operations based upon instructions and data 
received by the execution unit; and 

a memory management unit, the memory management unit operable 
to retrieve data and instructions for timely and secure communication over the data 
path and instruction path. 

15. The media processor defined in claim 14, further comprising: 

a combined instruction cache and buffer, the combined instruction 
cache and buffer dynamically allocated between cache space and buffer space to 
ensure real-time execution of multiple media instruction streams; and 

a combined data cache and buffer, the combined data cache and 
buffer dynamically allocated between cache space and buffer space to ensure real- 
time response for multiple media data streams. 

16. The media processor defined in claim 15, wherein real-time 
execution is ensured by dynamically allocating instruction buffer space to the 
smallest and most frequently executed blocks of media instructions. 

17. The media processor defined in claim 15, wherein real-time 
response is ensured by dynamically allocating data buffer space to the smallest and 
most frequently accessed working sets of media data. 

18. The media processor defined in claim 12, wherein media data 
streams comprise Nyquist sampled inputs and outputs. 

19. The media processor defined in claim 12, wherein media data 
streams originate from standard computer memory and I/O interfaces. 

20. The media processor defined in claim 12, wherein the multi- 
precision execution unit is configurable to divide the data into component symbols 
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of various sires, analyze the component symbols based upon instructions, and re- 
synthesize the component symbols for communication over the data path. 

21. The media processor defined in claim 12. wherein the plurality of 
media data streams comprise presentation media information, transmission media 
information, and storage media information. 

22. The media processor defined in claim 21, wherein presentation 
media information comprises audio, video, image, and graphical information 

23. The media processor defined in claim 21 , wherein transmission 
media information comprises radio and network data transmissions;. 

24. The media processor defined in claim 21, wherein storage media 
information comprises data encoded in moving and solid-state memory media. 

25. The media processor defined in claim 12, wherein the width of the 
data path is at least 128 bits. 



26. The media processor defined in claim 12, wherein the multi- 
precision execution unit comprises a dynamically partitionable arithmetic unit, a 
register controllable cross-bar switch, and an extended mathematical element. 

27. The media processor defined in claim 24, wherein the register 
controllable cross-bar switch comprises a Benes network design. 

28. The media processor defined in claim 26, wherein the register 
controllable cross-bar switch is programmable and is operable to manipulate 
symbols. 
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29. The media processor defined in claim 22. wherein the extended 
mathematical element is operable to perform finite group, finite field, finite ring 
and table look-up operations on the symbols. 

30. The media processor defined in claim 12, further comprising a set 
of predefined instructions accessible by a user. 

31 . The media processor defined in claim 13, wherein the means for 
performing load, store, and synchronization operations and the means for 
performing branch and gateway operations comprises a set of predefined 
instructions accessible by a user. 

32. The media processor defined in claim 31, wherein the predefined 
instructions are combinable to implement composite fimctions on the plurality of 
media data streams. 



33. A high bandwidth processor interface for receiving and transmitting 
a media stream, comprising: 

a data path, the data path operable to transmit media information at 
sustained peak rates; 

a plurality of memory controllers, the plurality of memory 
controllers coupled to the data path in series to communicate stored media 
information to and from the data path; and 

a plurality of memory elements coupled to each of the plurality of 
memory controllers in parallel, the plurality of memory elements for storing and 
retrieving the media information. 



34. The high bandwidth processor interface defined in claim 33, 
wherein the data path comprises a plurality of data paths forming a high bandwidth 
data channel. 
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35. The high bandwidth processor interface defined in claim 34, 
wherein the high bandwidth data channel is uni-directional. 

36. The high bandwidth processor interface defined in claim 33. further 
comprising a general purpose programmable media processor coupled to the high 
bandwidth data channel to receive, process and transmit media information at 
substantially peak rates. 

37. The high bandwidth processor interface defined in claim 33, 
wherein the peak rate of operation comprises at least one gigabyte of information 
per second from point to point. 

38. The high bandwidth processor interface defined in claim 33, 
wherein the plurality of memory controllers each comprise a paired link disposed 
between each memory controller, the paired links each for transmitting and 
receiving plural bits of data and having differential data inputs and outputs and a 
differential clock signal. 

39. The high bandwidth processor interface defined in claim 38 t 
wherein the paired link further comprises a digital skew calibrator to adjust the 
plural bits of data relative to the differential clock signal to eliminate skew 
between the data. 

40. The high bandwidth processor interface defined in claim 38, 
wherein the paired link further comprises a phase locked loop to eliminate jitter in 
the differential clock signal transmitted between paired links. 

41. The high bandwidth processor interface defined in claim 38, 
wherein the plural bits comprise eight bits of data. 
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42. The high bandwidth processor interface defined in claim 38, 
wherein the paired links each farther comprise termination resistors to form 
matched impedances for each paired link. 

43. The high bandwidth processor interface defined in claim 34, 
wherein the high bandwidth data channel comprises plural parallel high bandwidth 
data channels. 



44. A system for unified media processing comprising: 

a plurality of general purpose media processors, each media 
processor operable at sustained peak data rates and having a dynamically 
partitioned execution unit and a high bandwidth interface, the high bandwidth 
interface coupled to external memory and input/output elements to receive and 
transmit data to the media processor at substantially peak rates; 

a bi-directional communication fabric, the plurality of media 
processors coupled to the bi-directional communication fabric to transmit and 
receive at least one media stream comprising presentation, transmission, and 
storage media information. 



45. The system defined in claim 44, wherein the bi-directional 
communication fabric comprises a fiber optic network. 

46. The system defined in claim 44, wherein the bi-directional 
communication fabric comprises an heterogeneous network. 

47. The system defined in claim 44, wherein the bi-directional 
communication fabric comprises a coaxial cable network. 

48. The system defined in claim 44, wherein the bi-directional 
communication fabric comprises a wireless network. 
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49. The system defined in claim 44. wherein a subset of the plurality of 
media processors comprise network servers. 

50. The system defined in claim 44, wherein the plurality of media 
processors are programmable by downloading program information over the bi- 
directional communication fabric. 

51. The system defined in claim 44. wherein the each of the plurality of 
media processors can access an idle execution unit of another media processor in a 
shared manner to efficiently process presentation, transmission and storage media 
information at substantially peak data rates. 

52. The system defined in claim 44, wherein each media processor 
further comprises dedicated memory and wherein the each of the plurality of 
media processors can employ any unused portion of the dedicated memory of 
another media processor in a shared manner to efficiently store and retrieve 
presentation, transmission and storage media information at substantially peak data 
rates. 

53. A parallel multi-processor system that maintains substantially peak 
data throughput in the unified execution of multiple media streams, the system 
having a data path, comprising: 

at least one high bandwidth external interface, the at least one high 
bandwidth external interface coupled to the data path and operable to receive a 
plurality of data of various sizes from an external source and communicate the 
received data at a rate that maintains substantially peak operation of the parallel 
multi-processor system; 

a plurality of register files, each register file having at least one 
general purpose register coupled to the data path and operable to store a working 
set of media data; and 

at least one multi-precision execution unit coupled to the data path, 
the at least one multi-precision execution unit dynamically configurable to partition 
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data within a working set of media data received from the data path to account for 
the elemental symbol size of the plurality of media streams, and programmable to 
operate in parallel on working sets of data stored in the plurality of register files to 
generate a unified symbol output for each register file. 

54. The parallel multi-processor system defined in claim 53. wherein 
the at least one execution unit alternates in a round robin manner to operate on 
data stored in the plurality of register files. 

55. The parallel multi-processor system defined in claim 53, further 
comprising an instruction pre-fetch pipeline. 

56. The parallel multi-processor system defined in claim 55, wherein 
the instruction pre-fetch pipeline comprises a super-string pipeline. 

57. The parallel multi-processor system defined in claim 55, wherein 
the instruction pie-fetch pipeline comprises a super-spring pipeline. 

58. The parallel multi-processor system defined in claim 53, further 
comprising a data pre-fetch pipeline. 

59. The parallel multi-processor system defined in claim 58, wherein 
the data pre-fetch pipeline comprises a super-string pipeline. 

60. The parallel multi-processor system defined in claim 58, wherein 
the data pre-fetch pipeline comprises a super-spring pipeline. 

61. The parallel multi-processor system defined in claim 53, further 
comprising a requester, responder and transponder daemon. 

62. A method for processing unified streams of media data, comprising 
the steps of: 
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receiving a stream of unified media data including presentation, 
transmission and storage information; 

dynamically partitioning the unified stream of media data into 
component fields of at least one bit based on the elemental symbol size of data 
received; and 

processing the unified stream of media data at substantially peak 

operation. 

63. The method defined in claim 62, wherein the step of processing the 
unified stream of media data comprises the steps of: 

storing the stream of unified media data in a general register file; 

performing multi-precision arithmetic operations on the stored 
stream of unified media data based on programmed instructions, the multi- 
precision arithmetic operations including Boolean, integer and floating point 
mathematical operations; 

manipulating the component fields of unified media data based on 
programmed instructions that implement copying, shifting and re-sizing operations; 
and 

performing multi-precision mathematical operations on the stored 
stream of unified media data based on programmed instructions, the mathematical 
operations including finite group, finite field, finite ring and table look-up 
operations. 

64. The method defined in claim 63, fiirther comprising the steps of: 
pre-fetching instructions and data to fill instruction and data 

pipelines; 

performing memory management operations to retrieve instructions 
and data from external memory; 

storing instructions and data in instruction and data cache/buffers; 

and 

dynamically allocating buffer storage in the instruction and data 
cache/buffers to ensure real-time execution. 
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65. The method defined in claim 63. further comprising the step of 
providing a set of instructions to process the stream of unified media data, the set 
of instructions including load, store, synchronization, branch and gateway 
instructions. 

66. The method defined in claim 65. further comprising the step of 
programming a sequence of at least one instruction from the set of instructions. 

67. A method for achieving high bandwidth communications between a 
general purpose media processor and external devices, comprising the steps of: 

providing a high bandwidth interface disposed between the media 
processor and the external devices, the high bandwidth interface comprising at 
least one uni-directional channel pair having an input port and an output port; and 

transmitting and receiving a plurality of media data streams, 
comprising component fields of various sizes between the media processor and the 
external devices at a rate that sustains substantially peak data throughput at the 
media processor. 

68. The method defined in claim 67, wherein the step of providing a 
high bandwidth interface further comprises providing a plurality of external 
devices, the plurality of external devices coupled in series on the at least one uni- 
directional channel pair. 



69. The method defined in claim 67, wherein the step of providing 
high bandwidth interface further comprises providing a plurality of parallel 
directional channel pairs. 



a 

uni- 



70. 



A method for processing streams of media data, comprising the 
steps of: 

providing a bi-directional communications fabric for transmitting 
and receiving at least one stream of unified media data, the at least one stream of 
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unified media data comprising presentation, transmission and storage information; 
and 

providing at least one programmable media processor within the 
communications network, the at least one programmable media processor for 
receiving, processing and transmitting the at least one stream of unified media data 
over the bi-directional communications fabric. 
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FIG. 8(a) 
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FIG. 8(c) 
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FIG. 9(a) 
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